UNCLASSIFIED 


AD  NUMBER 


AD921522 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  only;  Test  and  Evaluation;  28  FEB 
1974.  Other  requests  shall  be  referred  to 
Space  and  Missile  Systems  Organization, 

Los  Angeles,  CA  90045. 


AUTHORITY 


SAMSO,  USAF  ltr,  17  Jun  1977 


THIS  PAGE  IS  UNCLASSIFIED 


^'lct  Cofv 


R-74-034 


S/imsc-  nwy-/z/ 


SYSTEM/DESIGN 
trade  study  report 

FOR 

GLOBAL  POSITIONING  SYSTEM 
CONTROL/USER  SEGMENTS 


CS/UE  DEFINITION  CONTRACT 
F04707  73-C-0298 


Prepared  for 

Space  and  Missiles  Systems  Organization 
Los  Angeles,  California  S0045 


DATA  ITEM  A 002 
FEBRUARY  28,  1974 


GENERAL-DYNAMICS 

Electronics  Division 

f  a  Sltl  inl/  cm+i.  CtJtrwn*  si Jt if  ;,4  /XJt 


5 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DDC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


1. 


INTRODUCTION 


This  Trade  Study  Report  documents  the  decision  rationale  used  to  resolve  configuration 
design  approaches.  The  trade  studies  presented  are  the  major  decision  efforts  required 
during  this  concept  Definition  Phase.  The  design  of  the  Global  Positioning  System  (GPS) 
for  Phase  I  required  evaluation  of  alternatives  for  a  variety  of  design  problems.  The  trade 
studies  contained  in  this  report  are: 


_Ng.  Title 

1.  Satellite  Momory  Loading 

2.  Satellite  Orbits 

3.  Monitor  Station  Sites 

4.  Control  Segment  Computers 

5.  User  Segment  Computer 

6.  User  Cost/ Performance 

7.  User  Ionospheric  Model 

8.  User  Ephemeria  Model 

9.  Ephemeria  Determination 

The  Satellite  Memory  Loading  trade  study  investigates  the  alternatives  for  uploading  and 
storing  in  satellite  memory  that  portion  of  the  user  navigation  data  frame  generated  by  the 
Master  Control  Station  (MCS).  The  alternatives  considered  dealt  with  the  implementation 
and  error  contributions  of  the  upload  station  design,  upload  message  format,  satellite  re¬ 
ceiver  and  decoder  configuration,  data  veri.ication  method,  and  downlink  communication 
channel  to  the  ground. 

The  Satellite  Orbits  trade  study  Investigates  the  selection  of  the  satellite  constellation  and 
oi-bits  for  the  Phase  1.  The  important  parameters  are  GDOP's  and  visibility  over  the  ex¬ 
pected  test  areas. 

The  Monitor  Station  Sites  trade  study  investigates  the  possible  locations  of  Upload  Station 
(ULS),  Monitor  Stations  (MS)  and  Master  Control  Station  for  collecting, processing,  and 
uploading  pseudo-range  and  clock  data  of  the  satellites.  The  satellite  visibility  and  view¬ 
ing  times  of  these  sites  must  be  compatible  with  satellite  navigation  system  updates  prior 
to  testing  over  southwestern  CONUS. 

The  Control  Segment  Computers  trade  study  investigates  the  computational  equipment 
required  by  the  Master  Control  Station  and  Monitor  Stations  for  Phase  1.  This  effort  is  to 
perform  a  preliminary  evaluation  and  sizing  of  computer  equipment  that  will  satisfy  the 
mandatory  requirements  of  the  stations.  The  computers  must  be  capable  of  supporting  a 
constellation  of  12  satellites. 


The  User  Segment  Computer  trade  study  investigates  the  computational  equipment  required 
by  the  User  Segment  equipments  for  Phase  I.  This  effort  is  to  perform  an  initial  evaluation 
of  potential  computer  equipment  to  determine  those  equipments  that  meet  the  expected  mini¬ 
mum  set  of  design  requirements. 

The  User  Cost/Performance  trade  study  investigates  design-to-cost  criteria  of  use  r  equip¬ 
ment  with  respect  to  predicted  design  performance.  The  areas  of  importance  are  the  re¬ 
quirements  of  maximum  commonality,  hardware  versus  software  implementation,  digital  or 
analog  circuitry  for  minimal  life  cycle  cost. 

The  User  Ionospheric  Model  trade  study  investigates  potential  algorithms  for  predicting  the 
ionospheric  delay  of  the  ranging  signal.  The  algorithms  must  be  compatible  with  the  spare 
bits  and  time  spans  of  the  user  navigation  data  frame. 

The  User  Ephemeris  Model  trade  study  investigates  possible  mathematical  models  of  satellite 
position,  that  will  permit  the  users  to  determine  the  satellite  location  via  the  L-band  user 
navigation  data.  The  models  must  not  overburden  the  user  navigation  data  frame  and  piovide 
an  error  of  less  than  1  foot  with  respect  to  the  MCS  predicted  satellite  orbit. 

The  Ephemeris  Determination  trade  study  investigates  potential  methods  of  computing  the 
predicted  satellite  position  and  orbit  based  on  measurement  made  by  the  Monitor  Stations. 

The  computational  complexity,  accuracy  and  convergence  properties  of  the  algorithm  are 
the  important  evaluation  parameters. 

2.  TRADE  STUDIES  RESOLVE  GPS  DESIGN 

The  Global  Positioning  System  (GPS),  Phase  I,  is  a  space-based  radio  navigation  sys.tem 
which  will  provide  suitably  equipped  users  system  time  and  three-dimensional  iiosition  and 
velocity  within  designated  test  areas.  The  GPS  is  composed  of  four  system  segments:  Space 
System  Segment.  User  System  Segment,  Control  System  Segment,  and  Navigation  Technology 
Segment.  It  is  the  purpose  of  this  effort  to  resolve  design  tradeoffs  within  the  User  System 
Segment  and  Control  System  Segment.  Because  of  the  critical  interfaces  between  the  ground 
and  space  segments  careful  consideration  must  be  taken  to  insure  minimal  impact  on  the 
satellite  design. 

Ail  of  the  trade  studies  performed  can  be  directly  related  to  interfaces  between  system  seg¬ 
ments  or  the  individual  system  segment  components.  The  Satellite  Orbit  trade  study  is  a 
minor  exception  since  us  purpose  is  to  document  the  effort  devoted  to  defining  the  most 
effective  orbits  for  i^ase  1  of  UPS.  The  relationship  of  the  trade  studies  to  the  system  seg¬ 
ments  is  shown  in  the  functional  block  diagram  of  figure  l.  The  design  of  the  unload  station  - 
satellite  interface  and  procedure  is  selected  by  the  Satellite  Memory  Loading  trade  study. 

The  resulting  design  will  be  suitable  through  Phase  II  of  the  GPS  program  since  operation 
with  at  least  twelve  satellites  is  planned. 


HO  J  lAtSUlTI  OHWtl 


HO  I  Ewewats  06TEHWHAT10H 


Figure  1.  Relationship  of  Trade  Studies  and  System  Segments 

The  selection  of  configuration  and  orbit  parameters  for  the  initial  4  satellites  is  documented 
in  the  Satellite  Orbit  trade  study.  Since  only  4  satellites  were  considered  and  their  orbits 
were  optimised  for  specific  test  areas,  the  results  are  only  applicable  to  GPS  Phase  l. 

The  analysts  for  the  selection  of  sites  for  the  MS,  ULS,  and  MCS  are  documented  in  the 
Control  Segment  Site  trade  study.  These  evaluations  are  also  considered  only  system  geom¬ 
etry  requirements  for  specific  test  areas  and  therefore  are  applicable  to  GPS.  Phase  I. 

The  purpose  of  the  Control  Segment  Computer  trade  study  is  to  identify  those  computers 
that  will  satisfy  the  mandatory  computational  requirements  of  the  Master  Control  Station 
and  Monitor  station.  In  terms  of  future  phase  requirements  it  is  desired  that  the  computer 
selection  be  made  assuming  that  the  configuration  be  adequate  at  least  until  the  latter  stages 
of  GPS  Phase  II  or  possibly  the  beginning  of  GPS  Phase  III. 

The  User  Segment  Computer  and  User  Cost/ Performance  trade  studies  deal  directly  with 
user  equipment  design  for  Phase  I  and  on.  Since  it  is  an  objecti  e  not  to  develop  any  new 
computers  for  Phase  I,  the  computer  selection  is  limited  to  existing  computers  that  can 
satisfy  the  computational  requirements  of  Phase  I.  The  cost /performance  analyses  have 
much  greater  scope  since  the  intent  of  the  trade  study  was  to  generate  user  equipment  con¬ 
figurations  that  will  develop  valid  design-to-eost  criteria. 
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The  purpose  of  the  User  Ionospheric  and  Ephemeris  Model  trade  studies  is  to  deveUip  ana¬ 
lytic  models  that  will  provide  to  the  user  from  the  Master  Control  Station,  via  the  satellite, 
accurate  knowledge  of  the  ionospheric  deluy  and  satellite  cphcmeris.  These  models  must 
be  compatible  with  the  low  data  rate  channel  available  with  the  L^/L.,  navigation  channels 
and  require  a  minimum  computational  burden  upon  the  user  equipment.  It  is  desirable  that 
these  models  be  suitable  for  all  Phases  of  the  GPS  program.  Changes  within  the  constraints 
of  the  communication  capacity  of  the  system  are  possible  during  the  teat  portion  of  Phase  I 
with  little  impact  upon  user  software. 

The  Ephemeris  Determination  trade  study  provides  the  computational  approach  that  yields 
the  detail  of  the  interface  between  the  Master  Control  Station  software  and  the  Monitor  Sta¬ 
tion  pseudo-range  measurements.  The  resulting  computational  approach  should  be  adequate 
for  all  phases  of  the  GPS  program. 


3.  RESULTS 


This  section  details  the  selection  resulting  from  each  trade  study  analysis.  Only  conclusions 
are  pi*osented  and  no  attempt  is  made  to  justify  the  determinations  in  this  presentation.  For 
the  rationale  and  corresponding  analysis,  that  led  to  those  conclusions,  the  reader  is  referred 
to  the  individual  trade  studies  following  this  survey. 

3.  1  Satellite  Memory  Loading 

The  recommended  satellite  loading  method  is  S-band  uplink/L-band  downlink  with  on-board 
verification  of  upload  messages  and  the  AFSCF  is  its  backup.  The  S-band  upload  frequency 
is  one  of  the  standard  SGLS  frequencies  with  a  3  tone  FSK  data  modulation.  The  L-band 
downlink  is  the  TLM  words  of  the  user  navigation  data  frame;  they  will  contain  the  addresses 
of  erroneous  blocks. 

3. 1. 1  Upload  Station.  Figure  2  illustrates  the  functional  block  diagram  of  the  Monitor 
Station/Upload  Station.  The  recommended  station  consists  of  a  1-t-ft  antenna.  S-band  TWT 
transmitter,  formatter,  display,  antenna  drive,  computer  and  modems  for  communication 
with  the  Master  Coiurol  Station  computer  and  Monitor  Station  computer.  This  configuration 
has  the  advantages  of  being  moved  to  another  monitor  static u  location  or  being  remotely 
located  from  its  monitor  station  with  a  minimum  cd  interface  disconnections. 

3. 1.  2  Satellite.  A  functional  block  diagram  of  a  feasible  satellite  configuration  for  load¬ 
ing  the  memory  is  shown  in  Figure  3.  The  function  i?  » ! .a  K--23  and  command  decoder 

is  to  receive  the  access  words  for  the  GPS  decoder.  It  is  suggested  that  the  GPS  access 
commands  storage  be  capable  of  many  days  of  unattended  operation  to  circumvent  AFSCF 
impact  on  operation. 


Configuration  for  Loading  Memory 


The  reception  of  :i  memory  load  is  enabled  by  an  access  word  that  will  enable  the  OPS  de¬ 
coder  to  accept  data  words  and  blocks.  The  digital  word  received  by  the  0. PS  decoder  should 
contain  memory  bits,  mode  bits  and  a  parity  bit.  In  addition,  each  block  of  data  will  end 
with  a  check  sum  word  since  both  horizontal  and  vertical  parity  checks  are  required  to  obtain 
an  undetected  bit  error  rate  of  10"^.  Anytime  an  error  is  discovered,  the  erroneous  block 
address  will  be  incorporated  into  the  TLM  word  and  provided  to  the  SGL3  TT&C  format  if  the 
loading  verification  is  in  the  backup  mode. 

As  the  words  are  decoded  by  the  GPS  decoder,  the  block  address  is  loaded  into  the  memory 
address  generator  and  the  memory  is  loaded  word  by  word  from  the  memory  address  corre¬ 
sponding  to  the  received  block  address.  As  a  word  is  loaded  into  memory,  it  would  be  advis¬ 
able  to  immediately  re-read  (echo)  the  word  from  memory  and  perform  a  parity  check  on  the 
word  using  the  parity  bit  required  for  the  user  navigation  data  transmission.  Again,  a  parity 
error  would  enable  transmission  of  the  erroneous  block  address  to  the  upload  station.  The 
echo  check  of  the  memory  load  can  be  performed  by  cycle  sharing  since  the  incoming  data  has 
a  rate  of  only  1  kilobit  per  second. 

The  purpose  of  the  n  ode  bits  is  to  provide  control  information  to  the  satellite  that  identifies 
the  purpose  of  the  load  and  the  type  of  word  received.  This  type  of  data  is  considered  over¬ 
head  and  must  be  distinguishable  from  any  memory  data.  Therefore,  separate  bits  are  rec¬ 
ommended  to  provide  these  modes.  Three  bits  should  be  sufficient  to  provide  these  modes. 


3. 1.3  Message  Format.  The  message  format  refers  to  the  size  anti  structure  of  the  up¬ 
load  message  and  downlink  data.  The  upload  message  will  consist  of  blocks  both  for  the 
initial  transmission  and  subsequent  retransmissions.  During  retransmissions  only,  blocks 
found  in  error  will  lie  uploaded  again. 

Given  that  the  portion  of  the  user  navigation  irame  stored  in  the  satellite  is  composed  of  s 
bit  bytes,  the  minimum  word  size  feasible  for  uploading  is  13  bits.  These  13  bits  include 
s  bits  for  memory,  3  bits  for  modes  and  l  bit  of  parity.  For  an  uplink  BEK  of  10  °.  the 
maximum  block  size  of  3  .’5  words  is  imposed  to  meet  the  undetected  bit  error  rate  of  10*'“. 
The  recommended  word  format  ts  shown  m  Figure  4.  The  recommended  block  size  is  303 
twelve -bit  words.  The  503  words  will  provpfe  for  300  eight -bit  words  for  the  memory.  This 
results  in  the  transmission  of  exactly  35  blocks  for  a  total  memory  toad  of  loo.ooo  bits. 
Slightly  over  6  seconds  are  required  to  transmit  each  block,  therefore  a  Tt.M  word  will 
always  be  available  for  erroneous  block  addresses  and  tin  additional  suellite  storage  is 
required.  The  resulting  message  format  for  uploading  is  shown  in  Figure  5. 


MEMORY  LOAD 


MOOES 


•*030 


I  UTS 


J — l 


Figure  4.  Recommended  Word  Format 


Figure  5.  Message  Format  for  Uploading 


3. 1.4  Performance  Parameters,  The  significant  performance  parameters  of  the  recom¬ 
mended  uploading  approach  are: 


Uplink  Frequency 

d-Band  —  Standard  SGLS 

Down  1  in  k  F  t  eq  coney 

L-Bond,  L  ,  L  ,  TLM  data  words 

Uplink  BEIl 

-6 

10 

Downlink  Fill 

10  J 

Word  Size 

12  Bits 

Block  Size 

u02  Words 

Undetected  Bit  Error 
Hate  in  Memory 

to'15 

Error  Detection 

Word  parity  and  block  check  sum 

Overhead 

2024  bits  per  4000  bits  of  memory  data 

Message  Flexibility 

One  or  more  blocks  can  be  sequentially  loaded 

Modes 

At  least  eight  separate  satellite  command  words 
are  available. 

Access 

Via  GPS  decoder  using  stored  bit  patterns 

3.2  Satellite  Orbits 

The  purpose  oi'  the  satellite  orbit  selection  trade  study  is  to  optimize  the  duration  of  test  area 
coverage  by  all  four  satellites  GDOP  motor  over  the  test  area,  and  pre -visibility  for  monitor 
and  upload  stations  for  tracking,  clock  evaluation,  and  satellite  memory  uploading  prior  to 
testing.  The  results  of  computer  evaluation  indicate?  that  the  2/2/0  Aerospace  final  Constel¬ 
lation  provides  the  best  compromise  between  the  requirements  of  GDOP,  teat  area  co-visibility 
and  pre -visibility .  The  characteristics  of  the  orbital  parameters  of  this  constellation  are: 


Satellite 

Number 

Longitude  of  the 
Ascending 

Node  (deg) 

A  rgument  of 
Perigee 
(deg) 

Orbit 

tnclinuliua 

(deg) 

Orbital 

Period 

(mm) 

1 

240 

330 

S3.  0 

713.  0342 

d 

240 

3 

03.0 

7  Is.  0342 

4 

120 

0 

03.  0 

713.  0342 

4 

120 

70 

63.0 

713.0342 
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The  performance  of  this  satellite  constellation  in  terms  of  Holloman,  Yuma,  and  Vaadcnberg 
test  site  coverage  and  GDOP  and  the  period  of  time  all  satellites  are  visible  prior  to  the 
Holloman  visibility  are: 


Tost  Area 


Holloma.’. 

Y  uni  a 

Vandeiiberg 


PERFORMANCE 
Coverage  Time 


2  Hours  32  Minutes 
2  11001*3  11  Minutes 
2  Hours  4  Minutes 

PUE -VISIBILITY 


GDOP  Range 


4. 2  to  7.2 
4.  2  to  9.1 
4.2  to  10.  8 


Location 

Vandenberg,  Ca. 
Wahiawa,  Hawaii 
EUnettdorf,  Alaska 


Pro-visibility  Time 
(all  four  satellites) 

20  Minutes 
1  Hour  20  Minutes 
1  Hour  45  Minutes 


3.3  Monitor  Station  Sites 

The  acceptability  of  sits  locations  for  Monitor  Stations  ami  the  Upload  Station  must  be  deter¬ 
mined  with  respect  to  a  defined  satellite  orbit  and  specified  test  area.  The  satellite  orbits 
used  for  the  evaluation  is  the  2/2/0  Aerospace  Final  Constellation  which  was  the  orbit  selec¬ 
tion  of  Trade  Study  No.  2.  The  test  areas  assumed  for  this  effort  v.ere  the  Holloman  and 
Yuma  Test  Ranges.  By  locating  the  Monitor  and  Upload  Stations  where  satellite  tracking 
and  clock  monitoring  cun  be  performed  ami  fresh  user  navigation  data  can  be  uploaded  into 
the  satellite  memory  just  prior  to  satellite  visibility  over  the  test  area. 

The  recommended  control  segment  configuration  based  upon  the  satellite  viewing  time  and 
tracking  geometry  analysis  is  given  in  Table  l.  Originally,  the  fourth  Monitor  Station  site 
wag  located  at  Prospect  Harbor.  Maine.  It  is  felt  that  it  should  be  relocated  to  provide 
0101*0  effective  satellite  monitoring  prior  to  entering  the  test  area.  Considerations  which 
are  not  visible  to  this  contractor  will  drive  the  filial  selection  by  the  JPO.  Those  considera¬ 
tions  include  the  future  plans  for  the  utilisation  of  existing  f»two*-fc  sites,  availabiltty  of 
existing  buildings  to  house  the  Control  Segment  equipment*  and.  finally .  the  willingness  of 
host  commands  to  share  facilities  for  the  GPS  Program. 


Table  1.  Control  Segment  Configuration 


Function 

Location /Type 

Monitor  Sites 

1.  Wahiawa,  Hawaii 

2.  Vandenberg  AFB,  California 

3.  Elmendorf  AFB,  Alaska 

4.  TBD 

Master  Site 

Vandenberg  AFB,  California 

Upload  Station 

Vandenberg  AFB,  California 

Command  Date  —  AFSCF 

Telemetry 

AFSCF 

Off-line  Computations 

NWL 

Data  Communications 

Commercial  Dial-up 

3.4  Control  Segment  Computers 

The  purpose  of  this  trade  study  was  to  identify  potential  suppliers  and  types  of  candidate 
computers  for  the  Master  Control  Station  and  Monitor  Station.  At  this  juncture,  a  final 
selection  of  computers  is  impossible  without  a  formal  submission  of  vendor  proposals  that 
guarantee  their  hardware,  software  and  service  capabilities.  Therefore,  all  types  of  com¬ 
puters  that  satisfy  the  mandatory  requirements  of  the  Master  Control  Station  and  Monitor 
Stations  are  identified.  These  candidate  computers  and  their  manufacturers  (Table  2)  are 
limited  to  manufacturers  capable  of  supplying  both  the  Master  Control  Station  and  Monitor 
Station  Computers.  If  possible,  candidate  computers  should  be  selected  from  the  same 
family  thereby,  simplifying  support  and  maintenance  requirements. 


Table  2.  Candidate  Computers 


Manufacturer 

MCS  Candidate 

MS  Candidate 

Data  General  Corporation 

340 

Nova  2 

Digital  Equipment  Corporation 

11/45 

11/40 

Hewlett-Packard  Co. 

3000 

2100 

Modular  Computer  System 

IV 

11 

V aria n  Associates 

V73 

V73  or  020 

II 


The  question  not  resolved  is  whether  or  not  it  is  feasible  to  employ  the  User  Segment  com¬ 
puter  for  the  Monitor  Station.  Analysis  is  continuing  to  resolve  this  question.  Computers 
that  appear  feasible  to  satisfy  both  User  Segment  and  Monitor  Station  requirements  are:  the 
Data  General,  ROLM  Rugged  Nova  1602R;  Digital  Equipment,  11/20/R;  Hewlett-Packard 
2100;  and  Varian  Associates  R620.  The  HP  2100  is  not  ruggedized  but  undergoes  mere 
stringent  testing  and  has  been  successfully  used  in  more  airborne,  and  maritime  applications 
than  any  other  standard  version  of  minicomputer, 

3.5  User  Segment  Computer 

The  purpose  of  this  trade  study  was  to  survey  the  multitude  of  computer  candidates  and 
determine  those  machines  capable  of  satisfying  the  mandatory  requirements  of  a  User  Seg¬ 
ment  Computer.  From  the  analysis,  it  was  determined  that  a  very  small  number  of  candi¬ 
dates  can  satisfy  the  mandatory  requirements  o'  higher  order  language  capability,  floating 
point  double  precision  hardware,  and  proven  reliability.  At  this  time  the  preliminary  evalua¬ 
tion  indicates  that  the  ROLM  rugged  Nova-1502R  is  the  superior  selection..  However,  there 
are  other  computers  that  merit  serious  consideration:  General  Electric  CP32A.  Univac 
MPC-16,  Honeywell  516,  and  Rockwell  D216. 

This  analysis  is  continuing  in  terms  of  desirable  features  such  as  ability  to  interface  with 
auxiliary  sensors  and  the  ability  to  perform  the  computational  and  control  functions  of  a 
monitor  station.  This  analysis  will  continue  ‘hrough  the  »v:.tuatien  of  formal  proposals  from 
capable  vendors. 

3.6  User  Cost/Performance 

The  purpose  of  this  trade  study  is  to  identify  specific  dosiga  techniques  that  have  significant 
impact  upon  the  cost  and  pet  iormance  of  User  Segment  equipment.  The  pri mary  emphasis 
on  the  user  equipment  design  is  to  develop  a  minimum  cost  set  of  user  systems  that  will 
provide  adequate  operational  capability  for  a  specified  military  mission.  Table  3  summarizes 
candidate  design  techniques,  range  of  cost  deltas,  and  performance  range. 

In  ail  cases,  the  cost/performance  evaluations  are  not  finalized.  It  is  expected  that  these  and 
other  design  techniques  will  be  continually  quantified  taroug'  out  the  Phase  i  testing  program 
as  the  performance  of  GPS  is  verified. 
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Table  3.  Cost /Performance  Range 


Candidate 

Cost  Delta  Range 

Performance  Range 

Oscillator  Stability  for  Direct 
Acquisition 

$53  -  $190 

10  -  100  times  longer  operation 

Standard  Oscillator  Frequencies 

$200/unlt 

Logistics  and  maintenance  only 

Error  Correcting  Codes 

$3  00/unit 

2-3dB  Lower  Threshold 

IMU  Calibration  and  Modeling 

$100/unit 

2dB  A J  increase 

IMU  Dynamic  Aiding 

$300/unit 

Lower  Acquisition  ii  reacqui¬ 
sition  time  -  values  TBD 

Dual  Ionospheric  Frequency 
Measurement 

S680/unit 

Residual  error  loss  than  10  ft. 

Plated  wire  memory  hardening 

TBD 

Nuclear  threat  protection 

Kepler  Alert  Program 

$60/uait 

Improved  best  GDOP  selection 
aids  direct  acquisition  by  factor 
of  six. 

Analog  vs.  Digital  Circuits 

Implementations  known 
cost  -  TBD 

TBD 

Hardware  vs.  Software  imple¬ 
mentations 

Software  Cost  increase 
$200/unit  -  hardware 
cost  savings-  TBD 

Software  has  0.5  to  1  dB  sensi¬ 
tivity  loss 
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3.7  User  Ionospheric  Model 


Most  oi  General  Dynamics  work  and  thui  of  earlier  SAM. SO  contractors  lias  addressed  the 
develop  neat  of  a  dynamic  ionosphere  model  —  one  that  doixmds  on  time  and  certain  meas¬ 
ured  solar  indices.  We  have  recently  undertaken  investigation  of  static  models  —  i.e.  , 
simple  models  which  are  3imply  stored  in  the  User  Computer  and  arc  not  updated.  General 
Dynamics  intends  to  further  explore  this  type  model  and  wiil  update  the  '  race  study  input  to 
include  results  at  a  later  date. 

The  recommended  dynamic  ionospheric  model  for  determination  of  atmospheric  delay  by  the 
user  is  a  series  representation  of  the  lino-of-sight  signal  delay.  This  method  is  referred 
to  as  the  Satellite  Transmit  Delay  model.  It  provides  a  polar  coordinate  model  of  the  signal 
propagation  delay  in  terms  of  range,  azimuth,  and  coelevation  angle  from  a  known  sub¬ 
satellite  point.  This  approach  saves  considerable  user  computation  complexity  because  the 
signal  delay  is  obtained  directly  from  the  model  without  an  intermediate  step  of  computing 
the  total  electron  content  of  the  atmosphere  along  the  ray  path  of  the  signal. 

The  series  model  of  ionospheric  line-of-sight  delay  is  obtained  by  the  Master  Control  Station 
computer.  T>*i  computations  performed  are: 

1.  An  et  ipirvul  g.  id  of  ionospheric  vertical  electron  density  and  height  is  generated 
from  the  Bent  Model.  The  grid  pattern  is  a  set  of  evenly  spaced  locations  in  con¬ 
centric  circles  centered  at  the  subsatellite  point,  out  to  the  termination  of  the 
satellite's  field  of  view. 

2.  Using  the  vertical  electron  density  and  ionospheric  height  at  each  grid  point,  the 
line-of-sight  delay  to  the  satellite  is  computed  for  each  grid  point  at  some  time,  t. 

3.  The  Hne-of-sight  at  each  grid  point  is  then  least  squares  fit  with  a  function  that  is 
power  series  in  coelevation  angle  and  trigonometric  functions  of  azimuth  angle. 

4.  The  resulting  coefficients  of  the  series  are  quadratic  functions  of  time  and  it  is 

these  coefficients  that  are  transmitted  to  the  user. 


The  model  parameters,  transmission  requirements,  user  storage,  ami  performance  at  e: 


Number  of  Coefficients 


Resolution  of  Coefficients 

Model  Duration 

Data  T -..ns mistuon 

User  Storage 

RSS  Error 

RSS  Error  (feet) 


24 

5  hits 
i  hour 


127  bits  per  satellite  per  data  frame 


50S  bus 

23%  to  35%  oi  total  atmospheric  d-Tuy 
10  feet  average  along  line-of-sight 
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The  model  duration  can  be  increased  as  desired,  however,  the  iietiully  |*a »<i  is  increased 
error.  It  should  be  noted  that  evaluations  of  these  modeling  techniques  is  continuing  and 
that  tlie  above  results  are  the  best  to  date. 

An  alternate  approach  to  the  dynamic  ionosphere  model  involves  a  cross  grid  of  magnetic 
latitude  and  longitude  (i.e. ,  a  one-dinu  nsional  dependence  on  latitude  combined  with  a 
multiplying  factor  which  depends  on  longitude  and  other  independent  variables;  solar  activity, 
year,  month,  day.)  We  are  still  Investigating  this  approach. 

We  are  also  investigating  two  static  models:  1)  A  simple  tabulation  of  total  electron  content 
versus  magnetic  latitude  and  longitude  versus  local  time  of  day;  and  2)  A  simple  tabulation 
of  total  electron  content  versus  only  local  time  of  day.  The  determination  of  the  best  status 
model  and  evaluation  of  residual  statistics  is  continuing. 

3.S  User  Ephemeri a  Model 

The  recommended  ephemeris  model  for  determiration  of  the  satellite  position  by  the  user 
is  the  Keplcrian  orbit  computation.  A  set  of  13  parameters  is  required  to  solve  for  the 
satellite  position  in  an  inertial  frame  of  reference  using  the  classical  two  body  configuration 
for  Newtonian  mechanics.  Of  the  13  pan; meters,  9  are  fixed,  3  are  variable  and  the  last  is 
time  or  mean  anomaly. 

By  using  the  inertial  coordinate  frame  of  reference,  it  will  bo  necessary  to  describe  the 
deviation  of  the  satellite  from  a  perfect  Kepler  ellipse.  With  a  12-hour  orbit,  these  devia¬ 
tions  are  very  small  in  magnitude  and  will  change  very  slowly.  Therefore,  it  should  be 
possible  to  describe  these  variable  coefficients  in  a  functional  format  with  very  few  coeffi¬ 
cients  of  small  magnitude  and  adequate  accuracy  over  a  long  time  span.  The  3  variable 
parameters  for  satellites  at  an  orbital  height  of  11,000  nautical  miles  and  where  the  effect 
oi’  gravity  anomalies  and  their  rate  of  change  is  small,  will  be  represented  with  less  than 
51  bits  to  provide  for  a  resolution  of  0. 1  meters. 

The  use  of  an  inertial  coordinate  system  to  describe  the  satellite  position  in  space  as  a 
function  of  time  is  recommended.  Although  the  user  must  convert  to  earth  fixed  coordinates 
to  compute  a  fix.  alert  calculations  for  predetermining  approximate  satellite  position  prior 
to  acquisition  are  easily  performed.  Also,  as  stated  above,  the  variable  parameters  are 
better  behaved. 

Although  the  Kepler  method  requires  more  user  computations  than  other  methods,  the  added 
complexity  will  be  very  small  when  compared  to  the  overall  cost  of  even  the  least  expensive 
UPS  user  equipment.  For  low  cost  equipment,  a  microcomputer  will  be  employed  to  perform 
the  position  fix  calculations.  The  use  of  Kepler  orbit  parameters  w;U  require  a  modest  in¬ 
crease  in  the  ante  of  this  microprocessor  memory.  The  additional  memory  considered  sells 
today  for  less  than  $10  in  UK)  lot  quantities.  The  eddilional  computation  time  of  less  than  one 
second  per  position  fix  seems  negligible  for  the  low  cost  user  since  a  fix  update  rate  of  every 
0  to  10  seconds  appears  more  than  adequate. 
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The  physical  parameters,  performance  and  requirements  of  the  Keplerian  approach  are: 


Satellite  reference  frame 
User  Program  Storage 
Computation  time 
Bits  transmitted 
Data  frame  longevity 
RMS  Position  error 
RMS  velocity  error 


Inertial 
1,352  bits 

333  msec  (Intel  8080) 

416  bits,  maximum 
Up  to  4  hours 

1.0  ft,  from  MCS  predicted  orbit 
Less  than  0. 05  ft/soc 


It  should  be  noted  that  Phase  I  is  an  ideal  time  to  evaluate  and  refine  both  Keplerian  orbit 
and  polynomial  representations  of  satellite  position.  Excellent  models  of  gravity  anomalies 
and  force  fields  will  be  available.  Also,  modifications  to  US  and  MCS  software  can  be  easily 
performed  with  a  minimum  of  logistical  impact  because  of  the  few  number  of  user  equip¬ 
ments.  The  user  impact  assessment  of  the  Keplerian  orbit  is  a  very  recent  result.  There¬ 
fore,  the  System  Specifications  were  prepared  assuming  a  user  ephemeris  model  using  a 
power  series  polynomial  representation  of  each  coordinate  of  satellite  position. 
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1.  INTRODUCTION 


The  configuration  of  the  GPS  requires  that  the  satellite  provide  to  the  user  the  system  data 
required  to  compute  his  position.  This  data  consists  of  satellite  ephemeris,  system  time 
and  Ionospheric  correction  data.  Since  the  satellite  is  in  subsynchronous  orbit,  the  data 
must  be  loaded  into  the  satellite  memory  for  future  distribution  to  the  us-r.  The  purpose  of 
this  trade  study  is  to  resolve  the  methods  for  uploading  of  this  data  and  verifying  its  accuracy 
after  reception  by  the  satellite. 

Conceptually,  the  satellite  memory  loading  requires  an  uploading  station  for  communicating 
with  the  satellite,  compatible  receiving  equipment  in  the  satellite,  a  downlink  from  the 
satellite  to  permit  data  transfer  back  to  the  uploading  nation,  a  method  of  verifying  correct 
reception  of  data  by  the  satellite,  efficient  message  formatting  for  both  the  up  and  downlink, 
and  a  communication  channel  between  the  uploading  station  and  the  master  station  computer 
where  the  user  navigation  data  is  generated.  The  message  format,  uploading  station  and 
satellite  must  also  be  compatible  with  the  AFSCF  network  that  will  be  used  as  backup. 

Although  the  present  upload  station  specifications  are  for  GPS  Phase  I,  it  Is  important  that 
the  requirements  of  GPS  Phases  II  and  El  be  considered.  Conceptually,  the  upload  require¬ 
ments  for  GPS  Phases  n  and  III  will  remain  unchanged.  The  major  differences  are  the  capa¬ 
bility  to  support  the  additional  satellites  of  later  Phases  and  the  physical  design  requirements 
necessary  for  possible  relocation  of  the  upload  station  because  of  future  operational 
objectives. 

2.  REQUIREMENTS 

2.1  Functional 

The  upload  station  is  a  collection  of  automatic  d.^ta  processing,  radio  frequency  and  data 
communication  equipment  which  with  a  set  of  data  bases  and  algorithms  serve  to  relay  navi¬ 
gation  subsystem  messages  from  the  Master  Control  Station  (MCS)  to  tho  space  vehicles  and 
vehicles  and  verify  proper  receipt  of  the  messages  by  the  space  vehicles.  Source:  SS-GPS- 
101A,  para.  3. 7. 3. 3. 

2.2  Design 

a.  The  upload  station  shall  generate  a  radio  frequency  environment  that  is  compatible 
with  the  space  vehicle  (SGLS),  The  upload  link  and  verification  technique  shall 
provide  an  undetected  bit  error  rate  of  10“i5.  Source:  SS-GPS-101A,  para. 

3.2. 1.2.3. 1. 


b.  Data  communication  between  the  upload  station  and  the  Master  Control  Station  will 
be  performed  at  the  minimum  rate  needed  to  support  twelve  closely  spaced  satel¬ 
lites;  the  use  of  conditioned  lines  will  be  avoided  if  possible.  Source:  SS-GPS- 
101A,  para.  3.2. 1.2.3. 2. 

c.  The  upload  station  will  automatically  attempt  to  reload  all  segments  of  any  space 
vehicle  navigation  subsystem  memory  in  which  a  load  error  has  been  discovered 
through  analysis  of  the  L-band  or  S-band  message  from  the  space  vehicle.  The 
number  of  additional  attempts  required  shall  be  controlled  by  software  or  manual 
Intervention.  Source:  SS-GPS-101A,  para.  3.2. 1.2. 3. 3. 


2.3  Ground  Rules 

a.  The  maximum  message  size  required  by  the  satellite  memory  is  100  K  bits  in 
length.  Computational  analysis  assumes  an  overhead  factor  of  25%. 

b.  The  satellite  memory  Is  partitioned  in  a  manner  such  that  a  partial  uploading  or 
loading  of  a  particular  block  of  data  into  memory  is  p ^oSlble. 

c.  The  frequency  of  the  uplink  is  S-band  and  will  be  ono  or  more  of  the  SGLS  standard 
frequencies. 

d.  A  SGLS  receiver,  secure  address  device  and  message  decoder  will  be  available  in 
the  satellite  to  receive  and  deeodo  messages. 

e.  The  backup  mode  in  case  of  failure  or  unavailability  of  the  uploading  station  is  the 
AFSCF. 

f.  An  uplink  data  rate  of  1  Kbps  is  used  throughout.  The  modulation  technique  for  the 
uplink  data  is  FSK  using  3  tones  to  represent  the  symbols  of  '‘one”,  "zero”  and 
"space". 

g.  A  TT  and  C  data  rate  of  1  Kbps  is  used  throughout.  The  modulation  is  biphase 
PSK-PCM  compatible  with  the  AFSCF.  The  bit  error  rate  of  this  link  is  1G~S. 

h.  The  user  navigation  data  message  contains  a  1G  bit  block  of  data  that  is  sent  every 
G  seconds.  This  data  bioek  is  dedicated  to  the  uploading  verification  procedure. 

2.4  Evaluation  Criteria 

The  following  evaluation  criteria  will  be  employed  to  select  the  preferred  uploading  protocol. 

«  differential  satellite  cost 

•  differential  upload  station  cost 

•  mean  loading  time  including  one  retransmission 
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•  probability  of  a  bit  error  in  memory 

-15 

•  word  and  block*  size  for  probability  of  an  undetected  bit  error  of  10 

•  message  size  flexibility 

3.  CANDIDATES 

There  are  two  basic  methods  for  loading  the  satellite  and  verifying  the  contents  of  the 
memory  after  loading.  They  are  checking  the  data  in  the  satellite  for  errors  and  transmit¬ 
ting  the  data  after  it  is  stored  in  memory  back  to  the  uploading  station  for  ground  verifica¬ 
tion.  Six  candidate  configurations  are  potential  methods  for  performing  these  type  of  loading 
and  verification.  These  methods  are  identified  and  explained  In  Table  3.1-1.  The  first  two 
methods  utilize  error  detection  coding  to  determine  transmission  errors  at  the  satellite. 

The  remaining  methods  -  3,  4,  5  and  6,  retransmit  the  contents  of  the  satellite  memory 
back  to  the  ground  for  a  comparative  verification  with  the  transmitted  message.  Methods 

4,  5  and  6  will  not  be  considered  further  since  retransmission  over  the  L-band  navigation 
channel  would  disrupt  the  user  navigation  mode.  Methods  1  and  3  arc  basically  identical 
except  the  information  retransmitted  to  the  ground  i?<  sent  on  L-band  user  navigation  data 
and  S-band  SGLS  TT&C.  respectively.  Since  the  use  of  the  AFSCF  is  a  required  backup 
mode,  if  method  1  is  selected,  the  satellite  must  have  the  capability  for  using  either  L-band 
or  S-band.  The  only  difference  is  that  the  uploading  station  would  require  access  to  an 
SGLS  TT&C  receiver  and  data  demodulator  to  receive  data  for  method  3.  A  conceptual  dia¬ 
gram  of  methods  l,  3,  and -3  arc  shown  in  Figure  3.1-1. 


Table  3. 1-1.  Satellite  Loading  Methods 


Method 

Lp-*  Link 

Where 

Verified 

Format 

— 

Down-  Link 

S-Band 

Satellite 

TLM  Bits  in  NAV  Data 

L-Band 

#2 

S-Batid 

Satellite 

TT  it  C 

S-Band 

#3 

S-Band 

Ground 

BU-By-BU 

S-Band 

S-Baud 

Ground 

Bit-By-Bit,  Replaces 

L-Raad 

NAV  Data  Massage 

L-Baad  Feed  on  XMTR  Dish 

*f5 

a- Band 

Ground 

Bit-By-Bit,  in 

L. 

'Quadrature  to  R-Code 

S-Baad 

Ground 

Bit-By-Bit.  Use  U 

K 

as  Comm  Link 
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LEGEND 

MS-  MONITOR  STATION 
ULS-  UPLOAD  STATION 
\/0t  R£<-^Tiw  '  VALUE  of  MS 

Lid  computation 


A  functional  block  diagram  of  the  GPS  satellite  for  methods  1  and  2,  are  shown  in  Figure 
3.1-2.  The  S-band  command  receiver  receives  the  upload  message.  After  appropriate 
access  procedures  have  been  satisfied,  the  digital  bit  stream  is  decoded  by  the  command 
decoder.  This  decoder  can  be  either  the  SGLS  command  decoder  or  a  new  GPS  message 
decoder.  Outputs  from  the  decoder  are  parity  and  check  sum  verification,  the  data  bits  for 
memory,  block  address  for  memory  loading,  and  modes  to  determine  the  operation  of  the 
memory  loading.  If  an  error  is  detected  upon  reception  or  after  memory  loading,  the 
erroneous  block  Is  identified  and  Its  address  is  read  into  storage  for  transmission  to  the 
ground.  The  use  of  either  L-band  or  S-band  for  transmission  to  the  ground  Identifies 
method  1  or  method  2. 

The  functional  block  diagram  of  the  satellite  for  the  ground  verification  approach  used  in 
mothod  3  is  shown  in  Figure  3. 1-3.  Conceptually,  the  method  3  satellite  configuration  is 
similar  to  that  of  methods  1  and  2.  The  only  difference  being  that  the  error  detection  cir¬ 
cuitry  is  eliminated.  After  reception  of  a  memory  increment  (can  be  a  block  or  total 
memory  load)  the  memory  read  logic  is  enabled  and  the  entire  memory  increment  is  dumped. 
This  data  is  formatted  and  transmitted  back  to  the  upload  station  via  the  SGLS  TT&C  link  for 
comparison  with  the  original  memory  load.  If  an  error  is  found,  the  block  received  in  error 
will  be  retransmitted  to  the  satellite  and  verified  again  on  the  ground. 

The  functional  block  diagram  of  upload  station  for  method  1  is  given  in  Figure  3. 1-4.  The 
data  to  be  uploaded  is  received  by  the  station  from  MCS.  Upon  command  the  computer, 
shown  to  be  the  monitor  computer  but  can  bo  separate,  generates  the  data  blocks,  their 
par*ty  and  appropriate  mode  bits.  The  resulting  message  is  then  formatted  into  SGLS  com¬ 
patible  three  level  signalling  and  transmitted  to  the  satellite.  Depending  upon  satellite  con¬ 
figuration  selected,  an  encryptor  may  be  required  prior  to  FSK  modulation  and  transmission. 
If  parity  errors  are  found  by  the  satellite  the  corresponding  block  address  will  be  placed  in 
the  TLM  word  of  the  user  navigation  data.  During  the  uploading  process  these  erroneous 
blocks  vull  be  identified  by  the  monitor  station  L-band  receive-  and  the  necessary  retrans¬ 
mission  wili  be  performed. 

For  methods  2  and  3,  the  functional  block  diagram  is  shown  in  Figure  3. 1-3.  In  method  2, 
the  operation  of  the  upload  station  is  identical  to  that  of  method  1  except  that  the  erroneous 
block  addresses  are  received  by  the  S-band,  SGLS,  TT&C  receiver  located  at  the  upload 
station.  For  method  3,  the  entire  message  increment  is  received  by  the  TT&C  receiver. 
Upon  demodulation  the  message  increment  is  compared  to  the  data  previously  transmitted 
that  is  resident  in  the  upload  station  storage.  If  an  error  is  found  the  erroneous  block  is 
retransmitted  to  the  satellite  and  the  verification  procedure  is  repeated. 

4.  ANALYSES 

The  analysis  of  the  methods  for  loading  the  satellite  require  an  understanding  of  the  inter¬ 
relation  between  the  particular  design  features  and  the  evaluation  criteria.  Four  areas  have 
been  identified  a*  subdivisions  of  the  total  uploading  requirement.  These  areas  are  satel¬ 
lite.  control  segment,  transmission  link  and  message  protocol.  Figure  4-1  illustrates  these 
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t'.jjure  3.1-2.  GPS  Satellite  Methods  l  &  2  On-board  Verification 
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Figure  3. 1-3.  GPS  Satellite  Method  3  C  round  Verification 


areas  and  the  major  topics  of  consideration  within  these  areas.  The  errors  indicate  the 
flow  of  the  analysis  presented  in  the  following  sections. 


The  analysis  will  begin  with  the  satellite  and  end  with  message  protocol.  The  results  of 
these  analyses  are  summarised  in  the  comparison  matrix  presented  iu  the  next  section. 
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GPS  S-Band  IJp/S-Band  Down  Upload  Station  Methods  2  &  3 


TRANSMISSION  LINK 

•  BITERROR  RATES 

•  UPLOAD  ERROR  PRQB. 

•  PROB.  OF  UNDETECTED  ERROR 

•  LOADING  TIME 
BLOCK  SIZE 
WORD  SIZE 


SATELLITE 

•  SGLS  VS  GPS  DECODER 

•  MEMORY  ADDRESSING 

•  L-BAND  VSS-BANO  8ACK  LINK 

•  ERROR  DETECTION  CIRCUITRY 


•  SATELLITE  ACCESS 

•  ERROR  DETECTION 

•  MESSAGE  OVERHEAD 

•  FORMAT 


Figure  4-1.  Trade-off  Concepts 


4.1  Comparison  Matrix 


The  comparison  matrix  compares  the  analytical  and  cost  results  determined  for  the  various 
evaluation  criteria  for  the  three  candidate  methods.  The  three  candidate  methods  have  been 
expanded  to  include  different  bit  error  rates  and  two  uploading  approaches  <br  methods  1 
and  2.  The  two  uploading  approaches  are  breaking  the  total  message  into  blocks  and  trans¬ 
mitting  the  total  message  as  a  single  block. 


The  significant  results  of  the  comparison  matrix  given  in  Table  4.1-1  are:  Method  3  will 
not  provide  undetected  bit  error  rates  in  memory  of  less  than  10“*3;  total  message 
approaches  for  methods  2  and  3  are  satisfactory  only  for  a  uplink  BER  of  10"^  and  Method  1 
is  the  least  expensive,  this  is  because  SOLS  receive  capability  is  not  required  at  the  upload 
station. 


Methods  1  and  2  using  a  message  block  format  are  the  most  efficient  uploading  approaches. 
For  a  BER  of  10“®  or  less  and  block  size  of  less  than  700  -8  bit  words  or  390  -16  bit  words, 
the  average  transmission  times  are  173  and  153  seconds  for  Methods  1  and  2,  respectively. 
Because  of  the  lower  cost,  Method  1  is  selected  as  the  preferred  approach.  The  remainder 
of  Section  4  provides  the  analysis  for  the  determination  of  the  evaluation  criteria.  In  Sec¬ 
tion  5,  the  details  of  the  selected  method  are  presented. 


4.2  Satellite 


The  satellite  components  are  functionally  similar  for  methods  1,  2,  and  3.  The  four  basic 
components  of  concern  in  this  analysis  are: 


•  Access  and  Decoding 

•  Error  Detection 

•  Memory  Addressing 

•  Downlink  Communication  channel 


4.2.1  Access  and  Decoding,  The  satellite  is  required  to  provide  protection  against 
spoofing  and  determine  the  purpose  of  the  words  received.  Figure  4.2. 1-1  illustrates  four 
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possible  methods  of  providing  access  protection  and  word  decoding  of  the  incoming  bit 
stream.  Approach  A  utilizes  the  existing  SGLS  decryptor  and  command  decoder  to  receive 
the  uploading  data.  This  approach  requires  that  all  upload  data  be  encrypted  with  a  format 
compatible  with  the  R-23  device.  In  approach  B,  the  R-23  device  is  enabled  by  appropriate 
commands,  this  permits  the  transmission  of  a  message  that  enables  a  bypass  circuit  around 
the  R-23.  Therefore,  the  remaining  portion  of  the  message  is  in  the  clear  and  is  decoded 
by  the  SGIis  command  decoder.  The  output  of  the  command  decoder  is  either  secure  vehicle 
commands  for  satellite  health,  attitude  and  control  or  the  clear  GPS  message  that  is  to  be 
stored  in  the  satellite  memory.  Both  A  and  B  approaches  have  the  disadvantage  of  requiring 
that  secure  vehicle  commands  and  the  GPS  message  be  decoded  by  the  same  command 
decoder.  The  dual  functions  of  the  decoder  results  In  Increasing  the  possibility  of  catas¬ 
trophic  error  In  the  secure  vehicle  commands  caused  by  bit  errors  in  the  upload  message 
unless  suitable  interlocks  arc  used. 


Approaches  C  and  D  circumvents  erroneous  secure  vehicle  commands  by  the  use  of  separate 
GPS  decoder  for  the  navigation  functions.  C  and  D  differ  only  in  the  implementation  of  the 
access  protection.  In  approach  C,  the  SGLS  command  decoder  provides  an  enable  to  the 
GPS  decoder  after  the  satellite  is  properly  entered  via  the  R-23  and  SGLS  command  decoder. 
This  requires  that  the  upload  station  contain  a  K-23  encryptor  and  that  the  R-23  and  SGLS 
be  accessed  just  prior  to  every  load  and  after  the  memory  loading  is  complete  the  circuitry 
must  be  returned  to  its  normal  state.  Approach  D  eliminates  the  need  to  continually  access 
the  secure  system  by  providing  periodic  update/stored  access  procedure  for  the  GPS 
decoder.  The  keys  (access  words)  will  be  transmitted  from  the  AFSCF  to  the  satellite  well 
in  advance  of  the  uploading  of  the  navigation  message.  Those  keys  will  be  stored  and  changed 
as  desired. 


The  message  overhead  required  to  use  these  four  approaches  is  an  important  consideration 
since  the  number  of  overhead  bits  is  directly  related  to  the  ttme  to  upload  the  navigation 
data  into  the  satellite.  Method  A,  because  of  the  security  requirements  of  the  R-23,  requires 
at  least  64  bits  to  transmit  lb  bits  of  navigation  data.  This  amount  of  overhead  is  clearly 
excessive  since  a  single  transmission  would  require  82  minutes  pet*  satellite  to  upload  the 
100  K  bits  of  satellite  niemorj  data*.  All  other  approaches  are  equivalent  in  terms  of  mes¬ 
sage  overhead  requirements. 


In  terms  of  design,  the  approach  D  appears  the  most  attractive  because  the  interface  with 
the  secure  functions  of  vehicle  commands  is  minimised. 


Private  conversation  with  C.  Hoff,  Aerospace  Corp.  ,  January  29,  1974. 
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Figure  4.2.  l-l.  Access  and  Decoding 


Table  4.2. 1-1  summarizes  the  cost  deltas  for  the  approaches  A,  B,  C  and  D  with  respeot 
to  uplink  methods  1,2,  and  3.  These  costs  are  for  the  four  (4)  satellite  configuration  of 
Phase  1. 

4.2.2  Error  Detection.  The  use  of  error  detection  in  the  satellite  is  required  to  check 
for  errors  received  in  the  word  decoded  by  the  vehicle  decoder  and  to  verify  the  data  loaded, 
into  memory.  For  methods  1  and  2,  both  types  of  error  detection  are  required.  However, 
for  method  3  the  only  error  detection  required  is  the  verification  of  the  mode  portion  of 
GPS  decoder  word.  The  error  detection  types  that  are  feasible  in  this  application  are  a 
parity  check  bit  for  each  word  and  a  check  sum  word  for  each  block  of  words.  To  obtain 
the  requirement  of  10  for  the  probability  of  an  undetected  bit  error  in  memory,  analysis 
indicates  that  both  check  sum  and  word  parity  are  required  for  methods  1  and  2. 

The  possible  implementations  for  performing  error  detection  must  consider  the  decoder 
and  memory  interface.  Error  detection  can  be  performed  as: 

•  a  parity  check  for  a  word  (memory  data  and  mode  bits)  by  the  GPS  decoder 

•  a  check  sum  algorithm  while  storing  a  data  block  into  memory 

•  an  echo  parity  check  immediately  after  loading  a  word  into  memory 

•  a  parity  check  of  the  words  of  a  memory  increment  after  storage 

•  a  check  sum  comparison  of  a  block  (or  memory  increment)  after  storage. 

For  Method  3,  the  only  error  detection  required  is  a  parity  check  of  the  mode  bits  to  ensure 
correction  identification  of  block  address  words  and  memory  bits. 

The  operation  of  methods  1  and  2  can  be  best  implemented  to  perform  a  parity  check  )f  a 
received  word  in  the  command  decoder;  a  check  sum  computation  for  each  block  can  be 
performed  while  the  block  is  being  loaded  into  memory;  and  performing  an  echo  check  on 


Table  4.2. 1-1.  GPS  Satellite  Cost  Impacts 


ULS 

Method 

Satellite  Configuration 

A 

B 

C 

D 

1 

34  K 

34  K 

300K 

320K 

2 

34  K 

34  K 

282K 

316K 

3 

250K 

_ 

270K 
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the  memory  loading  for  each  word  by  cycle  sharing.  The  echo  check  can  be  performed  by 
loading  a  word  Into  memory  then  Immediately  reading  it  out  and  checking  the  parity  of  the 
word  by  using  the  inherent  parity  bit  incorporated  for  user  error  detection.  This  is  much 
easier  to  implement  than  dedicated  parity  check  and  should  be  more  than  adequate  to  verify 
the  data  through  the  hardwired  interface  between  the  GPS  decoder  and  memory.  The  echo 
parity  check  will  also  detect  bad  memory  cells.  Thisf  configuration  deletes  the  requirement 
of  storing  the  check  sum  parity  bits  when  verifying  the  memory  in  a  dedicated  manner. 

4.2.3  Memory  Addressing.  Memory  addressing  refers  to  the  method  of  determining 
the  locations  in  memory  that  a  block  of  data  Is  to  be  loaded.  The  standard  method  for 
determining  the  starting  point  of  a  memory  load  is  to  precede  tire  bits  to  be  loaded  with  a 
word  that  identifies  the  memory  address  of  the  first  word  of  tire  block.  This  word  is  called 
the  block  address. 

If  an  error  is  detected  in  a  message,  there  are  two  approaches  for  retransmitting  the  data 
from  the  upload  station  to  the  satellite.  The  two  approaches  are:  1)  only  the  erroneous 
blocks  are  retransmitted  and  2)  the  totai  message  is  retransmitted  if  there  is  an  error  in 
any  block.  Obviously  the  latter  approach  is  only  reasonable  if  the  block  size  is  large,  t.e. , 
a  high  percentage  of  the  total  message.  The  final  selection  depends  upon  the  available 
transmission  link  bit  error  rate  (BER)  and  will  be  determined  in  the  Section  4.4  on  Trans¬ 
mission  Links. 

4.2.4  Downlink  Channel.  In  all  methods  considered,  the  satellite  must  have  a  means  of 
communicating  with  the  upload  station.  Since  the  AFSCF  is  a  required  backup  mode,  one 
of  these  communication  links  must  be  the  SGLS  TT&C  channel.  This  is  tho  link  used  in 
methods  2  and  3.  For  method  1,  the  user  navigation  data  present  on  L1  and  L2  has  available 
the  TLM  bits  for  communication.  Note  that  method  1  must  also  have  the  SGLS  TT&C  to  be 
compatible  with  the  backup  mode. 

The  use  of  L-Band  and  S-Band  in  method  1  lias  the  advantage  of  better  reliability  since 
there  arc  two  links  to  the  control  segment.  The  use  of  the  SGLS  TT&C  of  method  2  has 
tho  advantage  of  slightly  simpler  circuitry  in  the  satellite.  These  results  will  be  considered 
when  the  selection  is  made. 

4.3  Control  Segmeut 

The  control  segment  portion  of  the  uploading  station  consists  of  the  transmitter,  anteuua, 
data  storage,  computer,  software  to  perform  the  upload  function,  and  the  power  budget  for 
the  link  to  obtain  a  particular  BER.  Also,  included  in  this  section  will  be  the  cost  deltas 
between  methods  1,2,  and  3. 

4.3. 1  Uplink  Power  Budget .  This  seetiou  provides  the  analysis  to  determine  the  effective 
radiated  power  relative  to  mi  isotropic  antenna,  EtRP,  necessary  at  the  upload  station  to 


1-16 


-5  -6  -7 

obtain  BERs  of  10  ,  10  and  10  .  The  SOLS  satellite  receiver  is  designed  for  &  BER 

versus  received  power  as  shown  in  Table  4.3. 1-1.  * 

Assuming  an  omni-directional  antenna  on  the  satellite,  a  one  (1)  dB  diplaxer  loss,  a  one  (1) 
dB  RF  loss,  and  0. 5  dB  polarization  loss,  the  required  signal  strength  at  the  antenna  input 
is  -124dBW,  -l25dBW,  and  -126dBW  for  bit  error  rates  of  10"7,  10“6,  and  10“5,  respec¬ 
tively.  Using  this  result,  it  Is  possible  to  computo  the  required  transmitter  power  for  a 
given  uploading  station  antenna.  The  following  illustrates  that  computation: 


Path  Loss 

185. 5dB 

Signal  Margin 

6.  OdB 

Assignable  Path  Loss 

191. 5dB 

Less  Required  Available 

Satellite  Antenna  Power 

-124.  OdB W 

(BER=10*7) 

Ground  EIRP 

67. 5dBW 

Upload  Station  Antenna  Gain 

(14'  dish  including  losses) 

-31 . 5dB 

Transmitter  Power  (BER-IG-7) 

36.  OdBW 

(4  K  watts) 

Transmitter  Power  (BER^IO'^) 

35 .  OdBW 

(3. 15  K  watts) 

Transmitter  Power  (BER=1G'5) 

34.  OdBW 

(2.5  K  watts ) 

Table  4.3. 1-1.  SGLS  Receiver  Performance 


Signal  Level  (dBW) 

BER 

Theoretical 

Measured 

Acceptable 

Specification 

10~° 

-130.5 

-129.5 

-128.5 

io'6 

- 

-120.5 

l^7A 

- 

- 

-130.5 

A  -  The  nose  floor  of  the  receiver  is  inherently  capable  of 
supporting  BEU  below  id”7. 


•These  results  were  obtained  from  Motorola  Corp.  oy  private  correspondence  and  relate 
to  their  noncoherent  so  Lb  receiver  design. 
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equivalent  results  for  the  AFSC’F  indicate  that  for  a  IK  watt  transmitter  and  14’  antenna 
there  is  no  margin  for  a  BER  of  10”7.  If  the  14’  antenna  is  replaced  with  a  46'  antenna 
then  the  additional  margin  for  a  BER  of  10~”  is  greater  than  lOdB. 

4.3.2  Transmitting  System.  The  transmitting  system  for  the  upload  station  consists  of 
the  transmitter,  antenna,  radoroe,  and  an  additional  SGLS  receiver  and  associated  hardware 
required  for  methods  2  and  3.  *  The  block  diagram  of  the  transmitter  is  shown  in  Figure 

4. 3. 2-1.  This  configuration  can  be  either  TWT  or  Klystron.  It  is  recommended  that  the 
TWT  be  used  since  its  bandwidth  is  sufficient  to  cover  the  range  of  frequencies  possible 
for  the  SGLS  uplink  transmission  without  retuning.  Figure  4,3. 2-2  illustrates  the  cost 
for  the  A&E,  antenna,  radome  and  transmitter  as  a  function  of  the  antenna  diameter.  It 
can  be  seen  that  for  a  14  foot  antenna  the  estimated  TWT  transmitting  system  cost  is 
$610,000.  This  cost  is  directly  applicable  to  the  method  1  candidate  configuration.  For 
methods  2  and  3,  a  SGLS  TT&C  receiver  and  an  S-band  diplexor  would  bo  required  at  the 
upload  station.  The  estimated  cost  for  these  devices  are  $36,000  and  $9,000,  respectively. 

4.3.3  Computer  and  Software.  The  function  of  the  computer  is  to  control  the  uploading 
process,  receive  data  from  the  master  control  facility,  and  store  the  satellite  memory 


•These  results  were  extracted  from  DRB  D900G527B  and  the  presejitation  made  to 
SA.MSO  J aauary  2d ,  1974 . 
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Figure  4.3.2-i.  $-Band  Exciter/ Modulator 
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Figure  -i .  3 . 2 -2 .  Upload  Transmitter  System  Trado-offs 

load  during  the  loading  process.  There  are  three  approaches  in  the  selection  of  computer 
capability  for  the  upload  station.  *  They  are: 

•  A  single  computer  and  software  package  perform  monitor  and  upload  statioa 
functions  simultaneously. 

•  A  single  computer  and  software  package  that  can  only  perform  either  the  monitor 
station  or  uploading  functions. 

•  A  separate  computer  and  software  package  dedicated  to  the  uploading  function. 

Figures  4. 3.3-1,  -2,  and  -3  illustrate  the  configuration  and  cost  of  the  various  computer 
approaches.  The  separate  computer  appears  advantageous  because  of  the  requirements  of 
transportability  of  the  upload  station,  and  possible  interface  problems  with  other  monitor 
Station  computers,  and  the  potential  need  for  near  simultaneous  loading  and  satellite  clock 
evaluation  by  the  monitor  station.  This  resuit  is  the  same  for  all  candidate  uploading 
methods.  The  only  cost  differential  between  the  three  candidate  methods  results  from  a 
minor  increase  in  software  complexity  for  method  3  because  of  the  file  searching  and  com¬ 
parison  techniques  required  tor  ground  verification.  This  additional  cost  increment  is 
estimated  to  be  $2. ben. 

*llefereeee  preceding  page 
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Figure  4 . 3,3-1 .  Monitor- Up  load  Station 
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4.4  T  runs  miss  ion  U  oka 

The  transmission  links  include  analyses  lor  the  S-band  uplink,  L-band  downlink,  and 
S-band  downlink.  The  particular  combination  required  detrends  upon  the  uploading  method. 
As  stated  above,  methods  1  and  2  are  identical  except  for  the  use  of  L-hand  or  S-band  for 
the  downlink.  Method  3  also  utilizes  S-bauu  for  the  downlink. 

4.4. 1  Satellite  Verification.  Methods  l  and  3  employ  error  detection  bits  in  the  uplink 
data  stream  for  data  verification  in  the  satellite.  Since  the  verification  is  performed  in 
the  satellite,  the  downlink  information  consists  of  a  request  to  perform  a  retransmission. 
Tne  uplink  approaches  for  the  menage  structure  and  incorporating  error  detection  bits  are 


a.  blocks  of  N  words 

(1)  parity  for  each  word 

(2)  check  sum  word  for  each  block 

0)  iterative  code  (parity  and  check  sum)  for  each  block 


!-2i 


b.  Total  message  in  one  block 


(1)  parity  for  each  word 

(2)  check  sum  word  for  entire  message 

(3)  iterative  code  for  entire  message 

Computations  within  this  section  will  assume  a  memory  load  size  of  100  K  bits  and  an 
estimated  overhead  to  the  memory  load  of  25%. 

The  most  important  evaluation  criteria  is  the  word  length  and  block  size  required  to  obtain 
the  desired  probability  of  a  undetected  bit  error  in  memory.  .Wr  word  parity  or  check 
sum  words ,  the  probability  of  an  undetected  bit  error  in  memory  is  given  by 


P 

ue 

where  B 

sum  bit 

P  =  transmission  link  BER 
e 

The  probability  of  an  undetected  error  in  the  total  memory  for  parity  or  check  sum  error 
detection  is 


B  /BN 


x-  2  -Wa-*e> 

k=0 , odd 


B-kp  k 

e'  e 


(1) 


=  bits  per  word  for  parity  or  words  per  check 


wnere 


,  ,  x  .  (1_p  ,  [10°K(1+H)/N] 

me  ue; 

H  =  overhead  factor  (25%  =  .  25) 

N  =  number  of  bits  per  block 
[  J  =  designates  the  greatest  integer  function 


Equation  (2)  can  be  approximated  by 

Pme  *  1-(1-[1°<>K<1+H)/Nj  pJ 
=  [100K(1+H)/N]  Pue 


(2) 


(3) 
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Equation  (3)  is  plotted  in  Figure  4.4. 1-1  for  bit  error  rates,  Pe,  of  10  ,  10  and  10  . 

It  can  be  seen  that  for  ?,  =  10-7  and  B  =  4,  the  value  of  Vrna  =  2x10"^  this  corresponds  to 
a  Pup  of  approximately  6xl0_i;>  which  is  not  adequate  to  satisfy  the  design  requirement  of 
of  Pue  =  10  ~.  The  same  result  is  also  true  for  approach  A.  Therefore,  parity  bits  and 
check  sum  words  when  used  alone  are  not  sufficient  to  obtain  a  probability  of  a  undetected 
bit  error  in  memory  of  less  than  1C~  . 


For  approach  B,  the  case  of  a  combination  parity  and  check  sum,  (iterated  code)  error 
detection  must  be  investigated.  To  do  this,  a  theorem  is  required  from  Peterson.  *  This 
theorem  states  that  "for  a  binary  symmetric  channel,  if  one  code  has  a  probability  of  error 
fj^P)  and  another  f9(P),  their  product  is  capable  of  decoding  with  a  probability  of  error  no 


greater  than  f_ 


\>)1  • " 
m  - 


This  means  (hat  if  a  channel  has  a  BER 


Pg  and  a  parity  check 


*Peterson,  W.  W. ,  Error  Correcting  Codes,  MIT  Press,  1961,  page  82 
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Figure  4.4. 1-1.  To  Detexunine  the  Probability  of  Undetected  Bit  Errors  in  Memory 
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yields  an  undetected  bit  error  probability  Puej.  =  f  j_  (P  )  then  the  addition  of  check  sum  error 
detection  will  yield  an  undetected  bit  error  probability  of  Pue2  5  £>  (Puej).  Therefore  the 
the  undetected  bit  error  probability  of  the  combination  of  parity  and  check  sum  can  be 
bounded. 

The  above  result  can  be  used  with  (1)  to  obtain  the  bound  on  the  probability  of  an  undetected 
bit  error  in  a  block  that  has  been  encoded  with  both  parity  and  check  sum.  The  result  is 


where 


K 


j=0, odd 


(1-P  ) 
ue 


K-j 


P  = 
ue 


probability  of  an  undetected  bit  error  due  to  parity 


K=  the  number  of  words  per  block 


(4) 


If  the  total  message  consists  of  one  block,  then  K  is  the  number.of  words  in  the  total  message. 

Results  obtained  indicate  that  for  bits  per  word  of  8,  16  and  32  and  =  10-7,  a  value  of 
t  —15  ,  .  ,  ^ 

pue  s  10  is  possible  for  transmissions  of  a  block  equal  to  the  total  message. 

Equation  (4)  can  also  be  used  directly  for  block  sizes  less  than  the  message  length.  Fig¬ 
ures  4.4. 1-2  through  -10  give  the  upper  bound  for  the  probability  of  an  undetected  bit  error 
in  memory  versus  number  of  words  per  block  for  word  lengths  of  8,  16,  and  32  and  trans¬ 
mission  link  BER  of  10~5,  1(T6,  and  1C~7.  The  results  of  these  graphs  can  be  summarized 
in  the  Table  4. 4. 1-1  for  satisfying  the  undetected  bit  error  rate.  This  gives  the  limits  for 
the  number  of  words  per  block  and  number  of  bits  per  block  to  obtain  the  undetected  bit 
error  rate  of  10~15. 

For  approaches  A  and  B  there  are  two  evaluation  criteria  yet  to  be  analyzed.  They  are  the 
mean  loading  time  and  probability  of  a  correct  load  after  a  given  number  of  attempts.  In 
both  approaches,  the  time  required  for  the  initial  loading  attempt,  TQ,  is  fixed.  The  value 
of  TQ  is  given  by 

T  -  H&ZL  ,5, 

o  R 

where  M  =  number  of  bits  to  be  stored  in  memory 

H  =  overhead  factor 

R  =  data  rate  of  upload  link 
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PROBABILITY  OF  AN  UNDETECTED  BIT  ERROR  IN  MEMORY 


CHECKSUM 


Table  4.4.  J.-l.  Maximum  Allowable  Words  Per  Block 


Bits 

Per 

Word 

Maximum  Words  Per  Message  Block 

Transmission  Link  I 

)ER 

io~a 

LO 

1 

O 

n 

10  7 

8 

1C 

e*700 

*>16000 

16 

- 

390 

a*  8000 

32 

- 

100 

w  4000 

To  consider  tile  total  load  time  the  method  of  down  linking  the  erroneous  blocks  or  message 
to  the  upload  station  must  bo  considered.  There  are  two  viable  approaches  for  methods 
1  and  2.  They  are: 


(i)  notify  the  upload  station  of  erroneous  block  address 

(ii)  request  request  retransmission  of  total  message 

Approaches  (i)  would  use  the  TLM  word  or  the  S-band  TT&C  link  to  send  the  address  of 
the  erroneous  block  to  the  upload  station.  Approach  (ii)  will  use  the  same  'ink  to  seud  a 
bit  pattern  requesting  retransmission  of  the  total  message.  In  both  cases,  since  the  bit 
error  rate  is  limited,  considerable  care  must  be  taken  to  i-asure  that  the  message  is  re¬ 
ceived  correctly  and  errors  are  detected.  In  the  ease  of  a  detected  error  that  prevents 
correct  determination  of  the  erroneous  block  address ,  little  remans  to  do  but  restart  the 
loading  of  the  satellite.  There  are  design  methods  to  circumvent  this  problem.  An  effec¬ 
tive  method  is  given  in  Section  5. 

The  mean  transmission,  tune  for  intitai  upload,  downlink  transmission  and  one  retransmission 
can  now  be  determined.  The  equation  is 

T  *  To  *  fdl  ♦  T  (6) 

where  Td^  »  average  downlink  transmission  time  after  initial  upload 

T  *»  average  transmission  for  first  retransmission 

i 

The  value  of  Td^  is  given  by 


Td,  -  (SsOs  probability  that  a  block  is  in  error  in  the  initial  upload)  see 
assuming  one  TLM  word  required  per  block  address  and  P  equals  the  number  of  bl-.-ciw 
per  message.  The  value  of  T  versus  number  of  words  per  block  for  various  bit  error 
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rates  and  bits  per  word  is  presented  in  Figure  4.4. 1-11  for  retransmission  of  blocks.  . 
Using  aquations  (5)  and  (S)  the  average  transmission  time  including  one  retransmission  for 
approaches  (i)  and  (ii)  for  methods  1  and  2  can  be  determined.  These  results  are  given  in 
Table  4.4. 1-2.  U  is  easily  seen  that  retransmitting  only  erroneous  blocks  is  much  snore 
efficient  than  total  message  retransmission. 

The  probability  of  a  correct  load  after  a  given  number  of  transmission  attempts  is  equivalent 
to  the  probability  of  a  bit  error  after  a  given  number  of  transmission  attempts.  Because  of 
the  undetected  error  requirement,  die  number  of  tpnsmission  attempts  must  be  sufficient 
to  result  in  a  bit  error  probability  of  less  than  10  .  ihe  important  result  Is  the  number 

of  transmission  attempts  since  the  total  load  time  can  then  be  estimated. 

For  approach  (i),  tiio  probability  of  an  error  in  a  block  is  given  by 


P.  =  1 


(1-P  \ 
e' 


KB 


(7) 


where  I5©  is  die  transmission  link  HER, 

K  is  die  number  of  words  per  block,  and 


B  is  the  number  of  bits  per  word. 


Figure  4.4.  I  "41.  Average  Tuae 


1-oS 


Table  4.4. 1-2.  Average  Transmission  Time 


Average  Transmission  Time  Including  One 

Retransmission  (SEC)* 

Uplink  Bit  Error  Rate 

-5 

-6 

-7 

10 

10 

10 

Method  1 

(i)  Block 

142 

132 

131.5 

(i)  Message 

256 

256 

255 

Method  2 

(i)  Block 

137 

137 

137 

(ii)  Message 

251 

251 

250.5 

^Assumes  8  bits/word,  500  words/block  and  total  upload  message  of 
125, 000  bits 


The  probability  that  a  block  has  at  least  one  error  after  n  transmissions  is  given  by 

n-1 


Pa  ‘  1  '  I  <1-Pb>Pbi 


(8) 


i=o 


The  probability  that  a  message  has  at  least  one  error  is 

p  =<i-p  )  &ooK  <1tH>/n1 

m  n 

The  probability  of  a  memory  bit  being  in  error  becomes 


(9) 


Pb  “  100K  (1+H)  Pm 


(10) 


“5  -g 

."Equation  (7)  is  plotted  in  Figure  4.4. 1-12  for  bit  error  rates  of  10  and  10  and  bits  per 
word  of  8,  16,  and  32.  For  !he  case  of  8  bit  words  and  500  words  per  block,  the  values  of 
Pk  for  various  bit  error  rates  and  number  of  transmissions  are  shown  in  Table  4.4. 1-3.  It 
is  seen  from  the  results  of  this  analysis  that  a  probability  of  a  bit  evvov  in  memory  of  less 
than  10"15  is  attainable  for  all  uplink  BER's.  On  the  average,  the  number  of  transmissions 
required  are  9,  5  and  4  for  bit  error  raies  of  10“^ ,  106  and  10"7  respectively. 
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Table  4.4. 1-3.  Bit  Error  Rate  in  Memory  versus  Number  of  Transmissions 


Probability  of  Bit  Error  in  Memory 

Number 
of 

Transmissions 


Uplink  BER 

— 

10-5 

to-6 

t 

o 

H 

-6 

4.7  x  10 

6.7  x  10’7 

7.  Ox  10"8 

2.4  x  10"7 

-9 

2.4  x  10 

-11 

2.4  x  10 

8.6  x  10~9 

“12 

8. 6  x  10 

-15 

8. 5  x  10 

3.0  x  10~iO 

„  ,  -14 

3.0  x  10 

3.0  x  10'18 

1.0  x  10-11 

-15 

1. 0  x  10 

CO 

1 

o 

3.7  x  10"13 

3.7  x  10~19 

to-18 

1.3  x  10~14 

io“19 

to-18 

-15 

4.0  x  10 

to-19 

to-18 

-17 

1.5  x  10 

to'10 

to-18 

Table  4.4. 1-4.  Probability  of  a  Bit  Error  for  Total  Message  Reloading 


Number 

of 

Transmissions 


Probability  of  Bit  Error  in  Memory 

io"3 

Uplink  BER 
io"6 

to-7 

5.6  x  I0_t> 

-6 

3.2  x  10 

-6 

2.4  x  10 

-6 

1.3  x  10 

8  x  10"' 

-7 

8  x  10 

8  X  10  9 
-9 

3  x  10 

-10 

3  x  10 

-11 

3  x  10 

$  X  10 

.  *  to-19 
•  12 

9  x  10 

-14 

3  X  10 

-16 

3  x  10 

5 


4.4,2  Ground  Verification  (Method  3).  The  concept  of  ground  verification  requires  that 
tho  SGLS  TT&C  downlink  be  required  to  transmit  to  the  ground  the  informqttion  loaded  in  the 
satellite  memory.  For  a  TT&C  link  of  1  Kbps  with  a  bit  error  rate  of  10  °,  it  was  found 
that  the  overall  loading  performance  was  limited  by  the  backlink.  Because  of  this  inherent 
limitation,  the  probability  of  an  undetected  bit  error  within  the  satellite  memory  does  not 
approach  the  requirement  of  In  fact,  an  undetected  bit  error  probability  of  approxi¬ 

mately  10-5  is  the  theoretical  limitation.  Because  of  this  result.  Method  3  is  eliminated 
from  further  analysis. 

4.5  Message  Protocol 

Message  protocol  refers  to  the  sequence  of  events  required  to  load  a  message,  the  message 
ovorhcad,  the  form  of  the  uplink  word,  block  size,  and  in  information  in  the  downlink  data. 
The  sequence  of  events  required  to  load  a  message  are  access  to  the  satellite  memory, 
determine  block  address,  verify  data  (Methods  1  and  2).  load  memory,  request  erroneous 
blocks  retransmitted  (Methods  1  and  2),  downlink  memory  load  for  ground  verification 
(Method  3),  and  retransmit  erroneous  block  to  tire  satellite. 

Tho  message  overhead  are  those  bits  required  for  selecting  satellite  modes,  error  detection 
bits,  block  addresses,  and  synchronization  bits.  The  form  of  the  uplink  word  is  the  relation 
of  memory  load  data,  error  detection  bits  and  satellite  mode  bits.  A  typical  word  structure 
is  shown  in  Figure  4.5-1.  The  block  size  is  directly  related  to  the  overall  message  format. 
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Figure  4.3-1.  Typical  Word  Structure 
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Message  format  provides  the  definition  of  tho  total  message  sent  to  the  satellite  including 
access,  sync,  and  data  words.  The  concept  of  message  format  is  shown  in  Figure  4.5-2. 

The  downlink  information  obviously  depends  upon  the  method  used.  For  Method  1,  the  TLM 
words  will  be  used  to  transmit  to  the  upload  station  the  address  of  erroneous  blocks.  For 
Method  2,  the  SGLS  TT&C  link  will  perform  the  same  function  and  requires  an  appropriate 
message  format.  For  Method  3,  the  SGLS  TT&C  link  is  again  used.  The  downlink  message 
consists  of  the  memory  load  and  an  appropriate  message  format. 

5.  SELECTION 

Candidate  Method  1  is  selected  as  the  most  promising  uploading  system  because  of  minimum 
cost  and  minimum  1‘equired  uplink  13ER  (see  Section  4.  1).  An  overview  .showing  the  relation 
between  the  upload  station  and  the  other  elements  of  the  GPS  is  given  in  Figure  5-1,  The 
upload  station  has  interfaces  with  the  satellite  constellation,  monitor  station  and  master  con¬ 
trol  station.  The  satellite  interface  is  the  S-band  uplink.  Tho  monitor  station  interface  is 
the  receipt  from  the  monitor  station  L-band  receiver  the  TLM  words  transmitted  via  the 
L^/Lo  user  navigation  data.  The  master  control  station  interface  is  to  receive  the  control 
data,  upload  data,  and  antenna  pointing  data  from  the  master  station  computer. 
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Figure  4.  i-2.  Message  Format  Concept 
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Figure  5-1.  Global  Positioning  System  (GPS)  Overview  Interface 


5. 1  Upload  Station 


Figure  5.1-1  illustrates  the  functional  block  diagram  of  the  Monitor  Station  /Upload  Station. 
The  upload  station  consists  of  a  14-foot  antenna,  S-band  TWT  transmitter,  formatter,  dis¬ 
play,  antenna  drive,  computer  and  modems  for  communication  with  the  Master  Control 
Station  computer  and  Monitor  Station  computer.  This  configuration  has  the  advantages  of 
being  moved  to  another  Monitor  Station  location  or  being  remotely  located  from  its  Monitor 
Station  with  a  minimum  of  interface  disconnections. 

5.2  Satellite 

A  functional  block  diagram  of  a  feasible  satellite  configuration  for  loading  the  memory  is 
shown  in  Figure  5.2-1.  The  function  of  the  SGLS  R-23  and  command  decoder  is  to  receive 
the  access  words  for  the  GPS  decoder.  It  is  suggested  that  the  GPS  access  commands 
storage  be  capable  of  many  days  of  unattended  operation  to  circumvent  AFSCF  impact  on 
GPS  operation. 

The  reception  of  a  memory  load  is  enabled  by  an  access  word  that  will  enable  the  GPS  de¬ 
coder  to  accept  data  words  and  blocks.  The  digital  word  received  by  the  GPS  decoder  should 
contain  memory  bits,  mode  bits  and  a  parity  bit.  In  addition,  each  block  of  data  will  end 
with  a  checksum  word  since  both  horizontal  and  vertical  parity  checks  are  required  to  obtain 
an  undetected  bit  error  rate  of  lO-15.  Anytime  an  error  is  discovered,  the  erroneous  block 
address  will.be  inoorporated  into-the  TLM  -word .and. .provided  to  the  SGLS  TT&C  if  the  load¬ 
ing  and  verification  is  in  the  backup  mode. 

As  the  words  are  decoded  by  the  GPS  decoder,  the  block  address  is  loaded  into  the  memory 
addx-ess  generator  and  the  memory  is  loaded  word  by  woi'd  from  the  memory  address  corre¬ 
sponding  to  the  block  address.  As  a  word  is  loaded  into  memory,  it  would  be  advisable  to 
immediately  re-read  (echo)  the  word  from  memory  and  perform  a  parity  check  on  the  word 
using  the  parity  bit  required  for  the  user  navigation  data  transmission.  Again,  a  parity 
error  would  enable  transmission  of  the  erroneous  block  address  to  the  upload  station.  The 
echo  check  of  the  memory  load  can  be  performed  by  cycle  sharing  since  the  incoming  data 
has  a  rate  of  only  one  (1)  kilobit  per  second. 

The  purpose  of  the  mode  bits  is  to  provide  control  information  to  the  satellite  that  identifies 
the  purpose  of  the  load  and  the  type  of  woi’d  received.  This  type  of  data  is  considered  over¬ 
head  and  must  be  distinguishable  from  any  memory  data.  Therefore,  separate  bits  are 
recommonded  to  provide  these  modes.  Three  (3)  bits  should  be  sufficient  to  provide  these 
modes. 
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Figure  5.  1-1.  GPS  Monitor  Station/Upload  Station  Functional  Diagram  Specification  Baseline 


USEH  NAV.  FRAME  DURATION 


Hgure  5.2-1.  Satellite  Functional  Block  Diagram  for  Loading  Memory 


5.3  Message  Format 


The  message  format  refers  to  the  size  and  structure  of  the  upload  message  and  downlink 
data.  The  upload  message  will  consist  of  blocks  both  for  the  initial  transmission  and  subse¬ 
quent  retransmissions.  During  retransmissions  only,  blocks  found  in  error  will  be  uploaded 
again. 

Given  that  the  portion  of  the  user  navigation  frame  stored  in  the  satellite  is  composed  of  8 
bit  bytes,  the  minimum  word  size  feasible  for  uploading  is  12  bits.  These  12  bits  include 
3  bits  for  memory,  3  bits  for  modes  and  1  bit  of  parity.  For  an  uplink  BER  of  10-6,  the 
maximum  block  size  of  575  words  is  imposed  to  meet  the  undetected  bit  error  rate  of  10-lv>. 
The  recommended  word  format  is  shown  in  Figure  5.3-1. 

To  determine  the  number  of  words  per  block,  consider  the  case  of  an  error  in  the  TLM  word 
in  the  downlink.  If  an  error  occurs,  it  is  easy  to  determine  that  it  lias  occurred  by  error 
detection.  However,  the  determination  of  the  correct  block  address  is  difficult  without  the 
use  of  an  error  correcting  code;  such  encoding  would  not  be  cost  effective  for  this  task. 
Consider  the  result  if  the  uplink  transmission  time  of  a  block  is  6  or  more  seconds  in  length. 
First,  storage  of  erroneous  block  addresses  would  not  be  required  prior  to  transmission. 
Second,  each  TLM  word  could  easily  be  associated  with  the  last  block  sent  to  the  satellite. 
Other  requirements  are  that  an  integer  number  of  blocks  be  required  to  load  the  100K  Pit 
satellite  memory,  the  number  of  possible  block  addresses  be  less  than  the  eight  bits  of 
usable  data  in  an  uplink  word,  and  the  maximum  block  address  binary  number  fit  into  the 
TLM  word.  The  number  of  words  per  block  can  be  determined  as  follows.  Since  die  uplink 
has  a  data  rate  of  IK  bits/sec.  6000  bits  can  be  transmitted  in  a  6-second  interval.  If  there 
are  12  bits  per  word;  300  words  can  be  sent  per  6-second  interval.  A  block  must  be  started 
with  the  block  address  word  and  end  with  the  checksum  word.  Therefore,  if  a  block  contained 
502  words  each  of  12  bits,  each  block  would  contain  -i.OOO  bits  for  storage  in  memory  and  a 
total  memory  load  would  require  25  blocks  exactly.  The  25  blocks  require  5  bits  which  is 
less  than  the  8  bits  available  for  the  block  address  in  the  first  vord  of  the  uploaded  block. 

The  resulting  message  format  for  uploading  is  shown  in  Figure  5.3-2. 


Figure  5.3-1.  Upload  Word  Structure  is  12  Bits 
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Figure  a. 3-2.  iXncommended  Message  Format 

The  remaining  portion  of  the  satellite  loading  procedure  is  the  form  of  the  TLM  word.  It 
is  recommended  that  the  16  bits  of  the  TLM  word  be  made  up  of  a  block  address  repeated 
three  (3)  times  and  possibly  a  parity  bit.  This  will  permit  some  error  correction  and  allow 
the  upload  station  to  compare  its  last  block  transmitted  information  with  the  erroneous  block 
address  received  via  the  TLM  word.  Since  the  TLM  word  will  contain  an  erroneous  block 
a  dd  re  sc  then  the  satellite  does  not  detect  an  error  and  a  null  number  will  be  required. 

Either  all  zeros  or  all  ones  word  is  recommended.  In  addition,  a  unique  TLM  word 
should  be  provided  to  indicate  that  the  satellite  memory  has  been  correctly  accessed  and 
the  loading  function  is  underway. 
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INTRODUCTION 


1.1  Purpose 

The  purpose  el  the  satellite  orbit  selection  is  to  optimize  the  duration  o£  test  area  coverage 
and  provide  the  best  possible  GDOP  for  the  user.  It  is  not  unusual  to  trade  these  parameters. 
In  fact,  the  Aerospace  final  2/2/0  constellation  denis  sacrifice  the  GDOP  over  Holloman  test 
area  to  increase  the  four-satellite  co-visibility  by  approximately  one-half  hour. 

1.2  Orbit  Concept 

For  the  best  possible  GDOP,  a  Y-shaped  configuration  of  the  satellites  over  the  test  area  is 
dosirabie.  Since  all  the  satellites  are  moving,  the  GDOP  parameter  is  affected  by  the  changing 
geometry  of  the  satellite  constellation.  The  optimization  of  the  GDOP  dictates  the  spacing  of 
the  orbital  planes  and  the  location  of  the  satellites  within  them.  The  orbital  injection  of  the 
satellite  is  such  that  at  least  once  a  day  the  co-visibility  and  GDOP  parameters  are  obtained 
over  a  given  test  area.  This  requirement  is  accompanied  by  obtaining  orbital  information 
via  Monitor  Stations  controlled  and  supported  by  u  Master  Station  equipped  with  computation 
facilities  for  th®  refinement  and  generation  of  the  satellite  epheme  rides.  This  study  lias 
considered  the  stations  of  various  existing  networks  and  the  results  are  presented  herein. 

1.3  Impact  of  Phases 

The  above  concept  applies  basically  to  the  Phase  I  ef  the  GPS  Program  for  the  performance 
evaluation  oi  the  system.  Nevertheless,  the  basic  concept  of  optimum  GDOP  for  the  user  and 
the  loeatiua  of  the  Monitor  Stations,  the  Master  Station  and  the  satellite  update  station  will 
be  closely  related  in  later  phase*  oi  the  system. 


The  GPS  phases  to  follow  will  involve  a  greater  number  of  satellites  <up  to  2i).  The 
major  impact  is  expected  to  occur  m  the  sat® II He  spacing,  or  phasing  and  number  oi  satellites 
within  the  basic  three  orbital  planes  studied  m  Phase  I.  This  study  will  delineate  the  basic 
functional  requirements  pertinent  to  the  satellites'  orbital  constellation,  and  the  basic  naviga¬ 
tion  accuracy  objectives  of  '.he  system  and  the  use;. 


REQUIREMENTS 


2.1  Functional  Requirements 

The  initial  deployment  of  the  Satellite  Segment  consists  of  four  satellites  in  subsynchronous 
orbit  providing  simultaneous  visibility  to  system  users-  over  a  large  geographic  area  including 
most  of  CONUS  for  a  period  of  1.5  to  3  hours  per  day.  Source:  Annex  1,  Paragraph  3.1, 

Hi  October  1373. 

2.2  Design  Requirements 


The  basic  orbital  parameters  and  requirements  of  the  satellite  deployment  are: 

A.  Geometric  quality  to  satisfy  basic  navigation  accuracy  objectives. 

B.  Circular  Orbit  (subsynchronous). 

C.  Orbit  Period,  =12  hours. 

D.  Orbit  Inclination,  60  to  65  degrees. 

E.  Up  to  three  orbital  (dunes  (at  least  two). 

F.  Orbital  plane  spacing  120  degree  (inertial). 

G.  A  total  of  four  satellites. 

H.  An  Orbital  altitude  of  10,300  NMI. 

Source:  Annex  I,  Paragraph  3.2,  10  October  1373. 

In  a  geocentric  equatorial  system  of  coordinates,  tne  circular  paths  of  the  satellites  are  located 
in  three  orbital  pluues  spaced  at  120  degrees  and  inclined  63.-1  degrees  with  respect  to  the 
equatorial  plane  as  shown  iu  Figure  2.2-1.  The  origin  of  the  system  lies  at  the  center  of  the 
Earth;  the  plane  of  the  equator  is  used  as  reference  plane  along  which  is  measured  the  longi¬ 
tude  of  the  satellite  orbit  ascending  node,  N.  The  longitude  of  '.he  satellite  position,  P,  is 
measured  starting  from  the  vernal  equinox, T.  and  the  Greenwich  meridian  plane  coincidence, 
eastward  aught  ascension,  o)  or  westward  (sidereal  hour  angle,  SHA).  The  latitude  oi  the 
satellite,  bctlci  known  as  declinatiou.  S .  is  measured  from  the  equatorial  plane  iu  the  North 
or  South  direction.  The  satellite  position  p,  iu  its  orbital  plane,  can  also  be  identified  by  its 
right  ascension  angle  or  and  its  true  anomaly  angle,  TA. 


EQUATOR 


LEGEND: 


2  =  EQUATORIAL  PLANE 

T  =  VERNAL  EQUINOX  ALIGNMENT  (TYPICAL) 

G  «  GREENWICH  MERIDIAN  ALIGNMENT  (TYPICAL) 

0  =  EARTH  SPHEROID  CENTER 

i  =  SATELLITE  ORBIT  INCLINATION 
p, 7,7?=  SATELLITE  ORBITAL  PLANES 
a  =  RIGHT  ASCENSION  OF  P  (SATELLITE) 

SHA  =  SIDEREAL  HOWIT  ANGLE  OF  £ 
r  =  POSITION  VECTOR  OF  P 
5  =  DECLINATION  OF  P 

TA  =  TRUE  ANOMALY  ANGLE 


Figure*  2.2-1.  Satellite  Orbital  Plane  Representation 


2.3 


Ground  Rules 


The  computer  simulations  for  the  orbital  optimization  of  the  satellite  constellation  were  performed 
by  the  Convair  Aerospace  Division.  The  conste’latlons,  the  satellite  position,  the  geometric 
dilution  of  precision  (GDOP),  and  the  coverage  data  were  provided  by  this  team  for  performing 
coverage  analyses,  selecting  the  ground  station  sites,  and  assisting  in  the  optimization  of  the 
user  error  determination. 

2.4  Evaluation  Criteria 

The  criteria  for  the  evaluation  of  the  optimum  constellation  and  sites  was  based  on  the  following- 
parameters: 

(1)  GDOP  over  the  test  areas. 

(2)  Co-visibility  (4-satellite)  time  over  test  areas. 

(3)  Pre-visibility  of  the  four-satellite  before  entering  the  test  area 
for  latest  ephemerides  update. 

The  resulting  data  for  the  evaluation  is  presented  in  the  appendices  of  this  trade  study.  The 
data  consists  of  several  types  including  earth  traces,  GDOP  plots,  and  contact  opportunity 
charts. 

A  preliminary  coverage  analysis  shows  the  existence  of  long  visibility  periods,  nevertheless 
the  GDOP  opportunity  window  poses  a  constraint  that  is  reflected  in  the  time  available  to  the 
Monitor  Stations  to  gather  satellite  position  data,  transmit  the  data  to  the  Master  Station, 
process  the  data  at  the  Master  Station,  prepare  the  satellite  update  messago,  transmit  it  via 
landlines  to  the  SCF,  and  verify  the  satellite  loading.  GDOP  and  visibility  permitting,  it  is 
highly  desirable  to  have  a  recent  satellite  updating  when  coming  over  the  test  area. 

3.  CANDIDATES 

Of  the  three  possible  constellations,  3/l/0,  2/2/0,  and  2/1/1,  only  date  for  the  J/l/o  and 
2/2/0  constellations  will  be  compared  for  the  final  evaluation.  The  2/l/l  was  abandoned  in 
the  early  phases  of  the  analyses  because  of  very  poor  GDOP,  nevertheless.  GDOP  data  of  this 
configuration  is  presented  in  Appendix  E  for  comparative  purposes. 

Two  2/2/0  constellations  were  analyzed.  These  two  constellations  will  be  identified  as  Aerospace 
"preliminary"  and  "final"  constellations.  The  major  difference  being  the  satellite’s  phasing 


in  their  orbital  planes.  These  two  constellations  were  suggested  by  Aerospace  and  tend  to 
emphasize  the  coverage  over  Yuma  (the  2/2/0  preliminary)  and  the  coverage  over  Holloman 
(the  2/2/0  final).  The  General  Dynamics  Convair  generated  2/2/0  constellation  data  Ls 
presented  in  Appendix  B  for  comparison  purposes  only.  .All  available  constellations  were 
considered  in  the  coverage  and  GDOP  tradeoff. 

The  characteristics  of  the  orbital  parameters  of  final  constellations  used  in  this  study  are 
listed  below.  The  parameters  are  the  satellite  number  (SAT.  NO-),  the  longitude  of  the 
ascending  node  (LAN),  the  argument  of  perigee  (AOP).  orbit  inclination  (INCL),  and  orbital 
period  in  minutes. 

1.  Constellation  3/1/0 


SAT  NO. 

LAN*  Deg) 

AOP(  Deg) 

INCL  (Deg) 

PERIOD  (Min.) 

1 

230 

240 

63.4 

720 

2 

230 

270 

63.4 

720 

3 

350 

to 

LP 

H 

63.4 

720 

4 

230 

325 

63.4 

720 

Constellation 

2/2/0  Aerospace 

Prdimmarv 

SAT  NO. 

LAN  (Deg) 

AOPfDeg) 

INC  Li  Deg) 

PERIOD  (Min.) 

1 

0 

63.33 

63.4 

718.0342 

'> 

** 

0 

103.33 

63.4 

718.0342 

3 

240 

90.00 

63 . 4 

718.034.? 

4 

240 

160.00 

63.4 

718.0342 

Constellation 

2/2/0  Aerospace 

Final 

SAT  NO. 

LAN*  Deg) 

AOPiDeg) 

INC  Li  Deg) 

PERIOD!  Min.) 

1 

240 

330 

63.  0 

718.0342 

240 

5 

63.0 

718.0342 

3 

120 

0 

63.0 

716.0342 

4 

120 

70 

63.0 

“IS. 0342 
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4. 


Constellation  2/2/0  General  Dynamics 


SAT  NO. 

LAN(Deq) 

AOP(Deg) 

INC  L(  Deg) 

PERIOD  (Min.) 

1 

230 

240 

63.4 

720 

2 

230 

280 

63.4 

720 

3 

350 

165 

63.4 

720 

4 

350 

235 

63.4 

720 

Constellation 

2/1/1  General 

Dynamics 

SAT  NO. 

LANiDeg) 

AOP(Deg) 

INC  L(  Deg) 

PERIOD  (Min.) 

1 

230 

362.5 

63.4 

720 

2 

230 

317.5 

63.4 

720 

3 

350 

270.0 

63.4 

720 

4 

no 

15.0 

63.4 

720 

Tho  argument  of  perigee  (AOP)  parameter  is  often  Interchanged  with  the  true  anomaly  (TA) 
parameter.  Both  are  used  to  indicate  the  orbital  position  of  the  satellite  in  their  own  plane 
at  the  time  t  ■s  0.  The  longitude  of  the  ascending  node  parameter  is  also  referred  to  the  time 
t  =  0  reference. 


4.  ANALYSES 

4. 1  Comparison  Matrix 

Table  4.1-1  summarises  the  coverage  duration  and  GDOP  variation  over  the  Holloman,  Yuma 
and  V and en berg  stations.  P  .  Mugu  or  San  Clemente  Island  station  data  was  used  for  the 
V andenbe rtf  station  whenever  not  available.  The  data  pertinent  to  othe:  stations  is  available 
in  the  respective  appendices  of  this  study. 

The  data  presented  in  Table  4.1-1  illustrates  the  very'  high  GDOP  obtained  from  the  2/1/1 
satellite  configuration  thereby  eliminating  U  from  fur  titer  consideration.  The  General 
Dynamics  2,  2,  0  and  Aerospace  Preliminary  2/2/0  constellation  compare  favorably.  The 
General  Dynamics  result  has  higher  eo-visibility  at  Holloman,  2  hours  and  48  minutes  com¬ 
pared  to  2  hours  and  s  minutes,  while  the  Aerospace  Preliminary  2/2.0  lias  lower  GDOP, 

3.S  to  5.0  compared  to  4.  8  to  9.  $. 

A  comparison  between  the  General  Dynamics  3/1  /0  and  the  Aerospace  Final  2/2/0  constella- 
"ions  shows  that  tu  terms  of  GDOP  and  test  Site  visibility,  the  former  provides  higher  perfor¬ 
mance.  However  from  the  pro -visibility  considerations  shown  iu  Table  4.1-2,  the  Aerospace 


Final  2/2/0  constellation  provides  the  necessary  tracking,  clock  evaluation  and  uploading 
period  prior  to  testing.  Table  4.1-2  also  shows  how  long  four  satellite  constellations  are 
visible  by  the  candidate  monitor,  master  and  upload  stations  prior  to  visibility  over  the  test 
areas.  In  addition  to  an  adequate  pre-visibility  period,  it  is  required  that  the  pre-visibility 
and  co-visibility  periods  overlap  over  the  test  area. 

The  pre -visibility  for  the  3/1/0  constellation  turns  out  to  be  very  poor  as  compared  to  the 
2/2/0  constellations.  The  Aerospace  final  2/2/0  shows  that  a  total  of  nine  stations  have 
pre-visibility  for  a  total  of  8  hours  as  compared  to  the  7  stations  and  5-1/3  hours  of  the  2/2/0 
Aerospace  preliminary  and  zero  stations  and  zero  time  for  the  3/1/0  constellation.  It  is 
concluded  that  the  2/2/0  Aerospace  Final  constellation  appears  to  provide  a  good  compromise 
among  the  basic  parameters  presented  above,  usually  the  pre -visibility,  coverage  and  GDOP„ 

4.2  Analysis  Support  Data  and  Topics 


The  above  analysis  reflects  data  delegated  into  the  appendices  of  this  study.  The  data  was 
generated  by  a  satellite  communication  opportunity  computer  program  with  the  assistance  of 
interactive  graphics  techniques  for  the  optimization  of  the  constellations.  All  station  rise 
and  set  times  are  based  on  a  satellite  elevation  angle  of  5  degrees  and  on  typical  tracking 
station  obscurities.  The  data  contained  in  the  appendices  was  divided  as  follows: 


Appendix  Title _ 

A  3/1/0  General  Dynamics  Constellation  Data 

B  2/2/0  General  Dynamics  Constellation  Data 

C  2/2/0  Aerospace  Preliminary  Constellation  Data 

D  2/2/0  Aerospace  Final  Constellation  Data 

E  2/1/1  General  Dynamics  Coustellatiou  Data 


a. 


SELECTION 


Phase  1  is  certainly  a  test  for  the  evaluation  of  the  performance  of  the  GPS  functional  require¬ 
ments  and  navigation  accuracy  objectives.  However,  it  is  clear  that  the  duration  ot  tests 
over  u  given  test  area  is  of  primary  importance  in  this  particular  phase.  The  Aerospace  2,  2,u 
final  constellation  appears  to  provide  a  good  compromise  between  the  relatively  low  GDOP 
(4.2  to  7.2)  and  the  test  duration  (2  hours,  32  minutes)  parameters  supported  by  a  test  area 
pre-visibility  array  of  at  least  nine  and  thirteen  stations  for  the  4  and  2  satellite  co-visibility 
cases,  respectively. 


Minimum  a?ixJ  Maximum  Value  within  Coverage 


PRK -VISIBILITY  TIME  OVER  CANDIDATE  STATIONS  (•<  &  3  SATELLITE) 


PRE  VISIBILITY 
STATION 

Count 

o 

•* 

« 

CD 

■SO 

H 

Total  Time 

O 

< 

1 

lO 

i—4 

1 

.CM 

t 

CO 

CM 

GO 

f-4 

1 

o 

co 

treaoo  jo  *  j. 

< 

2 

< 

2 

< 

2 

< 

2 

O 

Si 

Si  A 

o 

H 

rile: 

— <1  *f 

n 

>l|« 

oloo 

CM 

NO  ZD 

o 

3 

- 

< 

2 

< 

2 

< 

2 

< 

Z 

IDTcISOHd 

< 

2 

< 

* 

rtloO 

i-i  I’t* 
r-H 

o 

rl  |  el 

'N3S0H 

< 

2 

< 

2 

< 

2 

< 

2 

rllir 

»H|m 

CM 

THViW 

< 

2 

< 

2 

ooir 

o|oo 

so 

n  |  n 

— 4 

r-l|CM 

CO 

noniM  ’id 

< 

2 

< 

2 

~b 

^ioo 

CO 

n|cO 

S 

INI  3 

< 

2 

< 

2 

—i 

<-<leo 

CM 

ol-r 

>— 4 

C-l  TO 

»— * 

VOIMVS 

o 

CM 

< 

2 

< 

2 

o 

o 

o 

o 

< 

2 

< 

2 

rlto 

34l  lO 

avi 

o 

\ 

so 

< 

2 

< 

2 

Ml"? 

CmIlO 

M 

SIU 

o 

o 

"1* 

N 

CO 

sol-t* 

CD 

— « IcO 

i-M 

S 

SVTIIM 

o 

o 

o 

CM 

3 

s 

wvno 

o 

o 

o 

o 

D 

o 

SOI 

C 5 

o 

3 

o 

* 

SIM 

o 

.OH» 

<-<  |M 

r) 

h«r 

*>4 

-•loo 

SUN 

o 

•3 

o 

—  1  M 

■4 

O 

-•Im 

Z 

r> 

w 

H 

/ 

/ 

.£ _ 

A 

n 

3 

uS 

t 

Jf 

tfj 

1 

V 

w 

»  » 

U3 

S? 

** 

t 

rt 

13 

V* 

■» 

2 

V. 

o 

p 

\  *— * 

:o 

°  3- 
•v*  t*  5/ 

U  ** 
cm  <  o, 

« 

M  "  i 
♦ .  ii  - 
n  < 

Timet  shown  are  In  hours 
NA  -  Data  not  available. 

*  -  Tivo  hours  are  available. 


APPENDIX  A 


Genera]  Dynamics 
3/1/0  CONSTELLATION  DATA 
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A-l  Satellite  Earth  Traces . 

A-2  Satellite  Coverage  Vs  Tracking  Stations 

A-3  Tracking  Stations  Coverage  Vs  Satellites 

A -4  GDOP  for  Holloman  AFB  . 

A-5  GDOP  for  Vandenberg  AFB . 

A-6  GDOP  for  Conus  Center . 

A -7  GDOP  for  Seattle . 

A-8  GDOP  for  Canal  Zone  . 
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I  igutu  A  2,  Satellite  Coverage  Vs  Tracking  Station 


Figuiv  A-.'J.  Tr.idung  Stations  Coverage  Vs  Satellites 


Figure  A-i.  GDOJ*  iur  Holismum 
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Figure  A -7.  GDOP  for  Seattle 
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Figure  B-l.  Satellite  Coverage  Vs  Tracking  Stations 
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Aorospacc  Preliminary 
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Figure  C-3,  GPS  Stations  Coverage 
by  Station 


Figure  C  — 1.  GPS  Stations  Coverage 
by  Satellite 
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Figure  C-5.  5*CF  Stations  Coverage 
by  Station 


Figure  C-6.  SCF  Stations  Coverage 
by  Satellite 
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D-lfJ  GDOP  for  Toungo  of  Oceans  (Bahamas) . .  .  D-17 


Figure  D-l.  Satellite  Earth  Trs 


Ki"ure  D-i.  Satellite  Covisibility  Earth  Traces  (Holloman) 
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Figure  D-10.  Stations  Covisibility  Opportunity  Chart  (3  Satellites) 
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Figure  Pflgo 

E-l  GDOP  for  Holloman  AFB  .  E-2 

E-2  GDOP  for  Vandcnbcrg  AFB .  E-3 

E-3  GDOP  for  Conus  Center .  E-4 

E-l  GDOP  for  Cape  Kennedy .  E-5 
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SITE  SELECTION 


1. 

INTRODUCTION 

1.1 

Pui-pose 

The  purpose  of  this  trade  study  Is  to  Identify  acceptable  combinations  of  sites  in  existing  DOD 
networks,  for  the  location  of  GPS  Control  Segment  functions  for  the  Phase  I  Development,  Tost 
and  Evaluation  program. 


1.2  Concept 


The  Control  Segment  functions  are  grouped  in  a  Master  Control  Station  (MCS),  four  Monitor 
Stations  (MS)  and  an  Upload  Station  i  U  LS) . 

The  monitor  stations  obtain  pseudo  range  data  from  the  PN  code  transmitted  by  the  satellite's 
navigation  subsystem,  time -tags  the  data,  accomplishes  preliminary  processing,  and  relays 
the  data  to  the  Master  Station. 

The  MCS  is  the  prime  oamputaticual  facility  of  the  system.  This  station  processes  the  MS 
data  to  determine  the  satellite's  measured  ephemerls  and  computes  user  navigation  data  to  be 
loaded  into  the  satellite. 


The  ULS  receives  the  user  navigation  data  from  the  MCS  and  transmits  the  navigation  message 
to  the  satellites. 


It  is  important  to  note  that  the  acceptability  of  site  locations  for  Monitor  Stations  and  the  Upload 
Statists  must  be  evaluated  with  respect  to:  (1)  a  defined  satellite  coustsUatiou  and  U>  specified 
user  equipment  test  and/or  use  location. 

1.3  Site  Selection  Impact  eo  future  Phases 


Subsequent  phases  of  the  program  may  be  better  served  fey  relocating  some  Contra!  Segment 
functions.  For  example,  satellite  cluck  accuracy  will  be  a  system  accuracy  constraint  for  some 
time  into  the  future.  The  world -wide  eifeet  of  this  error  source  on  the  User  (these  are  con¬ 
sideration*  for  diverse  test  locations  ;a  phase  I  and  for  Phases  II  and  i&)  will  >*•  Significantly 


reduced  by  monitoring  and  updating  the  satellite  clock  and/or  clock  error  polynomial  just  prior 
to  satellite  visibility  at  the  User  site.  An  Upload  Station  location  that  will  provide  this  capa¬ 
bility  may  not  be  required  for  Phase  I  but  is  a  probable  requirement  for  Phases  II  and  III. 
Additional  Monitor  and  Upload  elements  may  also  be  required  for  the  Phase  II  and  Phase  El 
Control  Segment  to  compensate  for  the  satellite  clock  accuracy  limitations. 

2.  REQUIREMENTS 

2. 1  Functional  Requirements 

The  Monitor  Station  is  the  primary  means  of  collecting  the  space  vehicle  tracking  information 
necessary  for  determining  the  orbit  parameters  of  each  space  vehicle.  Source:  SS-GPS-10IA 
(1/29/74),  Paragraph  3.T.3.2. 


The  Monitor  Stations  will  be  located  to  provide  measurement  geometry  for  accurate  ephemeris 
and  calibration  of  space  vehicle  time  prior  to  testing  over  southwestern  CONUS  for  Phase  I. 
Source:  Air  Force  memo,  Technical  Direction  to  the  Definition  Contractors,  5  February  1974, 
from  William  L.  3  ta  to  ham. 


2. 2  Design  Requirements 

The  GPS  error  budget  allocates  a  one  sigma  error  of  12  feet  for  the  Space  Vehicle  Ephemeris 
determination.  Source:  S$ -GPS -101 A  (1/29/74),  Paragraph  3.2.1,  Table  I. 


2.3  Ground  Rules 

2.3.1  Satellite  Constellations  and  Test  Sites.  In  performing  this  analysis,  it  was 
necessary  to  define  the  satellite  constellation  configuration  ta  order  to  determine  the  adequacy 
of  viewing  rimes  ants  tracking  geometry.  Os  the  basis  of  maximizing  the  time  duration  of 
favorable  User  GUOP’s  at  the  Holloman  Test  Range  and  at  the  Yuma  Test  Range,  a  constella¬ 
tion  was  defined  (see  Trade  Study  No.  2).  This  constellation  is  used  in  the  simulations  lor 
evaluating  candidate  sites. 

2. 3. 2  Viewing  Constraints.  The  monitor  network  geometry  analysts  determined  site 
visibility  times,  using  a  3  degree  minimum  elevation  angle  viewing  criteria  "mask",  for 
candidate  sites,  on  the  selected  satellite  eeeate  Ration.  In  where  known  obstruction 
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constrained  viewing  to  higher  than  5  degree  elevation  angles,  the  higher  angles  were  used  as 
the  com  truiat. 

System  simulations  investigating  parameter  sensitivities  indicated  that  the  satellite  clock 
errors  dominated  the  ephemeris  error  for  clock  updating  intervals  of  more  than  24  hours. 
Tracking  data  for  satellite  ephemeris  determination  need  not_  be  obtained  just  prior  to  visi¬ 
bility  of  the  constellation  over  the  test  area;  however,  determining  satellite  clock  errors  and 
updating  that  aspect  of  the  User  navigation  data  was  essential  to  achieving  best  system  perfor¬ 
mance  over  the  test  site. 

2.3.3  Upload  Station  (Navigation  Data  and  Satellite  Commands).  The  requirement  exists 
for  SGLS  compatibility  for  User  navigation  data  uploading  and  satellite  housekeeping  functions 
and  telemetry  data.  This  capability  is  available  from  all  AFSCF  remote  tracking  sites  and 

the  Aerospace  Applications  Group  network  (after  incorporation  of  modifications  now  under  con¬ 
tract).  The  navigation  data  and  satellite  commands  can  be  considered  separate  functions  and 
performed  at  separate  sites  as  is  done  in  Alternate  IV  (See  Section  3  for  definition  of  alternates). 

Until  significant  satellite  clock  performance  advances  are  made,  it  is  recommended  that  capa¬ 
bility  for  updating  the  operational  phase  satellite  clocks  nvicc  each  day  should  be  considered  a 
growth  requirement  of  the  Upload  Station.  This  requirement  may  also  be  satisfied  by  providing 
an  Upload  Station  that  is  easily  relocatable  for  subsequent  phases. 

The  present  day  utilization  of  the  existing  networks  favors  the  Aerospace  Applications  Group 
network.  This  net  can  accommodate  the  growth  of  the  GPS  system  through  all  three  phases 
with  legacy  in  software,  operational  procedures  and  trained  personnel.  The  sites  are  also 
judged  to  be  less  vulnerable  than  most  AFSCF  sites,  which  is  a  consideration  for  the  Phase  III 
GPS.  Alternate  IV  includes  a  GPS  dedicated  Upload  Station  for  navigation  data  loading  into  the 
satellite  and  utilizes  AFSCF  for  the  satellite  command  function. 

2.3.4  Data  Communications.  Data  communications  to  and  from  monitor  sites  and  the 
Master  Station  and  the  uplink  facility  were  considered  iu  evaluating  candidate  sites.  The  data 
messages  are  easily  transmitted  over  standard  voice  grade  telephone  lines  with  reasonable 
short  duration  messages  on  the  order  of  five  minutes  tor  one  hour  of  tracking.  One  site  con¬ 
sidered  at  Samoa  would  use  an  FAA  data  link  on  mi  as-avaiiabie  basis  to  relay  data  to  Hawaii. 

For  the  comparative  evaluation  of  alternatives,  a  minimum  number  of  links  and  minimum 
length  of  links  was  considered  most  desirable  from  a  system  reliability /vulnerability  point  of 
view.  The  cost  <•''  voice  grade  dedicated  leased  lines  is  estimated  at  $2 , OUtt/liuk/raonth.  The 
minimum  number  <??  links  and  minimum  communications  cost  are  achieved  by  eo-loeatmg  one 
monitor  she,  the  Master  Station  and  the  uplink  facility.  Uak  reliability  is  also  judged  to  be 
enhanced  by  locating  aii  sues  within  CONUS. 


2.3.5  Master  Site,.  This  computational  facility  has  no  critical  location  requirement. 

This  is  the  control  site  for  the  GPS  and  for  minimizing  data  communication  Inks,  should  be 
co -located  with  the  Upload  Station  and/or  with  a  Monitor  Station. 

2.3.6  Computation-Off-line.  Periodic  processing  of  data  will  be  accomplished  off-line 
to  provide  a  reference  trajectory  and  for  refinement  of  models  and  values  employed  in  the 
on-line  state  vector  computation.  These  programs  may  be  executed  on  any  of  several  existing 
computer  facilities  at  Aerospace  Corporation,  the  contractor's  plant,  NWL,  APL  and  others. 

2.3.7  Telemetry.  SGLS  compatibility  is  required  and  is  available  through  the  AFSCF 
or  AAG  network;  therefore,  consideration  of  these  requirements  is  the  same  as  the  Upload 
Station  discussion. 

Telemetry  data  from  the  satellites  would  be  preprocessed  and  converted  into  engineering  units 
by  the  existing  networks  and  relayed  to  the  GPS  Control  Segment  Master  Station  for  further 
analysis. 


2.3.9  Growth  Potential.  Growth  potential  from  the  Phase  I  program  to  the  Phase  HI  pro¬ 
gram  was  assessed  for  the  networks  evaluated.  For  example,  it  may  be  reasonable  to  assume 
that  the  AFSCF  may  handle  the  Phase  I  upload  requirement  of  daily  loading  four  satellites  at 
specified  time-o£-day,  but  it  is  less  reasonable  to  assume  that  the  AFSCF  can  handle  loading 
of  24  or  more  satellites  on  a  daily  basis  in  addition  to  the  support  required  by  other  programs. 
The  growth  potential  is  not  amenable  to  being  quantized  but  is  of  considerable  importance  in 
evaluating  alternatives. 

2.  4  Evaiuation  Criteria 


The  evaluation  criteria  employed  to  select 
Monitor  Station: 

Monitor  Station 

Master  Site: 

Master  Site: 


the  preferred  sites  are  as  follows: 

Satellite  Viewing  Time/T racking 
Geometry  Adequacy 

Data  Communications  -  Existing  Network 
Shared  or  Commercial  Service  Available 

Operational  interface  Complexity 

Number  ard  length  of  Data  Units 


Upload  Station  (Nav  Data):  Availability 
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DOD  Site  Possession 


Vulnerability 
SGLS  Compatibility 
Upload  Opportunity 
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CANDIDATES 


Five  existing  networks,  selected  individual  sites,  and  selected  combinations  of  network  stations 
are  analyzed  for  applicability  to  GPS.  The  networks  include: 

(1)  Air  Force  Satellite  Control  Facility  (AFSCF) 

(2)  Naval  Astronautics  Group  (NAG) 

(3)  4000th  Aerospace  Applications  Group  (AAG) 

(4)  TRANET 

(5)  Navigation  Technology  Satellite  (NTS) 

The  sites  comprising  these  networks  are  identified  in  Appendix  1. 

From  these  candidate  networks,  four  alternate  site  configurations  were  defined  and  evaluated 
by  computer  simulations  for  tracking  visibility  and  geometry  adequacy.  The  definition  of  the 
alternate  configurations  follows: 


Alternate  [ 


Monitor  Sites: 


Master  Site: 

Uplink  Facility: 

TIM: 

Off-line  Computations: 


FAIR 

LIZA 

Vandenberg  or  Pt.  Mugu 
Cape  Kennedy  area 

BELT 

PASS  (Nav.  Data  &  Satellite:  Commands) 
FA® 


Alternate  II 


Monitor  Sites: 

Master  Site: 

Uplink: 

TIM: 

Off-Line  Computations: 

Alternate  III 

Monitor  Sites: 

Master  Site. 

Uplink: 

TIM: 

Off-Line  Computations: 

Alternate  IV 

Monitor  Sites: 

Master  St*: 

Uplink  Facility: 

TIM. 


Wahiawa,  Hawaii 
Pt.  Mugu,  California 
Rosemont,  Minnesota 
Prospect  Harbor,  Maine 

Pt.  Mugu,  California 

Vandenberg,  Kodiak,  or  FAIR  (Nav. 

Data  &  Satellite  Commands) 

AFSCF  or  AAG 

NWL 


Hawaii 

Guam 

Vandenberg 

Samoa 

AFSTC,  Sunnyvale,  California 

Kodiak  or  Vandenberg  (Nav.  Data  & 
Satellite  Commands) 

AFSTC,  Sunnyvale,  California 

NWL 


Hawaii 

Vandenberg 

K*  mention  A  FI).  Alaska 
Prosper  Harbor,  Maine 

Vandenberg 

GPS  -  Vandenberg  (Nav.  Data) 
AFSTC  tSateUite  Gofmaanda) 
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Off-Line  Commutations:  NWL 

in  addition,  generalized  viewing  opportunity  computations  were  performed  for  ail  candidate 
sites  on  the  "optimized"  satellite  constellations. 

4.  ANALYSIS 

A  significant  result  of  this  analysis  is  the  verification  by  simulation  of  the  geometric  adequacy 
of  all  four  candidate  Control  Segment  conf'^uvations.  This  conclusion  is  valid  for  the  satellite 
constellation  defined  by  Trade  Study  No.  2  (and  shown  in  Appendix  II)  and  for  User  equipment 
tests  in  Southwestern  CONUS  . 

Due  to  the  nature  of  this  trade  study  topic,  the  analysis  is  not  in  complete  accord  with  the 
prescribed  format  for  trade  studies,  however  all  elements  of  the  format  are  included. 

4. 1  Comparison  Matrix 

The  comparison  matrix  that  follows  ranks  on  a  relative  basis  only  the  discernible  variations 
between  the  acceptable  configurations.  Criteria  met  by  all  configurations  and  not  included 
in  the  matrix  are:  Present  DOD  site  possession,  vulnerability,  SGLS  compatibility,  and  upload 
opportunity. 


FUNCTION 

CRITERIA 

I 

Alte  mates 

II  III 

IV 

Monitor  Site: 

Location: 

Satellite  Viewing  Time/ 
Tracking  Geometry  Adequacy 

(AAG) 

(NAG) 

2 

lAFSCF) 

1 

(JPO) 

2 

Data  Communications: 

Share  Existing  Network  or 
Commercial  Service  Available 

3 

4 

1 

Master  Site: 

Operational  Interface  Complexity 

3 

3 

1 

Number  &  length  of  Data  Liaka 

I 

9 

4» 

3 

9 

m* 

Upload  Station : 

Availability 

2 

3 

3 

JL 

(Nav.  Data) 

Relative  Ranking  Point  Totals: 

9 

13 

14 

7 

Order  of  Preference: 

2 

3 

4 

l 
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Viewing  Opportunities  and  Tracking  Geometry 


The  resuits  of  computations  performed  to  determine  satellite  viewing  opportunities  is  summarized 
in  Appendix  II.  The  results  of  simulations  performed  to  verify  the  geometric  adequacy  of  the 
four  alternate  configurations  are  presented  in  Appendix  ill. 

4-3  Other  Data  Sources* 

For  information  other  than  viewing  opportunities  and  tracking  geometry,  the  primary  sources 
for  deriving  the  relative  rankings  are: 

(1)  Visits  to  the  networks^’ ^ 

(2)  Extensive  experience  with  the  A I SCF  network  by  our  subcontractor 
Mellonics  Division  of  Litton 

Alternatives  I,  n  and  in  were  defined  by  the  contractor.  The  Alternative  IV  configuration  was 
defined  and  evaluated  as  a  result  of  JPO  correspondence^6,7). 

The  information  in  this  Trade  Study  supersedes  the  preliminary  analysis  presented  in  the  first 
issue  of  Dosign  Requirements  Bulletin  D90G0S29B. 


•References: 


(1)  Trip  Report:  Visit  to  4Q00th  Aerospace  Applications  Group,  Nov.  13  through  15,  19  73, 
by  J.E.  Coxey,  H.  Newman  and  U.  DiPalma. 

(2)  Trip  Report:  Visit  to  NAG  facility,  December  13,  19/3,  by  J.E.  Coxey,  H.  Newman 
and  R.  DiPalma. 


(3)  D9000532B  Monitor/Master  Data  Interface  Analysis 

(4)  D9000535B  Master/SC  F  Interface  Analysis 

(5)  D9o0053t>a  SCF/Saieilite  Interface  Auaiysis 

(G)  AF  letter  dated  2S  December  1973,  with  attachments,  to  attention  of  F.E.  Huggift  from 
Lt.Coi.  R.H.  Jessea,  Subject:  GPS  Control  Segment  Alternatives. 


(7)  AF  letter  dated  5  February  1974:  Technical  Direction  to  the  Definition  Contractors; 
signed  by  William  L.  Stateham. 


5-g 


SELECTION 


S. 


Based  upon  the  criteria  and  relative  ranking  point  totals  in  paragraph  4.1,  Alternative  IV  is 
the  preferred  Control  Segment  configuration.  The  only  exception  to  the  configuration  defined 
is  that  the  Monitor  Station  located  at  Prospect  Harbor,  Maine,  should  be  relocated  to  be  more 
effective. 


Preferred  Alternate  IV  configuration: 


Monitor  Sites: 


Master  Site: 


(1)  Wahiawa,  Hawaii 

(2)  Vandenberg  AF3,  California 

(3)  Elmendorf  AFB,  Alaska 

(4)  TBD 

Vandenberg  AFB,  California 


Upload  Station: 


Nav.  Data  -  Dedicated  GPS  ULS  at  Vandenberg  AFB 
Command  Data  -  AFSCF 


Telemetry:  AFSCF 

Off-line  Computations:  NWL 


Data  Communications: 


Commercial  Dial-up 


The  objective  of  this  trade  study  has  been  satisfied  and  completed  by  the  identification  of 
four  technically  acceptable  Control  Segment  configurations.  Considerations  which  are  not 
visible  to  this  contractor  will  drive  the  final  selection  by  the  sPC.  Those  considerations  include 
the  future  plans  for  the  utilization  of  existing  network  sites,  availability  of  existing  buildings 
to  house  the  Control  Segment  equipments  and,  finally,  the  wiiliugness  of  host  commands  to 
share  facilities  for  the  GPS  Program. 


For  two  test  locations  in  Southwestern  CONUS  and  for  two  possible  ocean  test  sites,  the 
viewing  opportunities  for  monitoring  mid  upload  functions,  for  all  candidate  sites,  are 
shown  in  Appendix  II. 


User  GDOP's  and  world-wide  viewing  opportunities  for  both  three  and  four  satellites  are  an 
outgrowth  of  the  constellation  optimization  analysis  and  are  presented  in  Trade  Study  No.  2. 
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APPENDIX  I 


NETWORK  SITE  LOCATIONS 


NETWORK  SITE  LOCATIONS 


AFSCF; 


NAG: 


AAG: 


TllANE  T: 


Satellite  Test  Center  (STC) 

Sunnyvale,  California 

Remote  Tracking  Sites  (VTC) 

Vandenberg  AFB,  California 

NHS 

New  Hampshire 

HTS 

Hawaii 

KTS 

Kodiak 

IOS 

Indian  Ocean 

GTS 

Guam 

OL-5 

(Classified  Location) 

Pt.  Mugu,  California 
Wahiawa,  Hawaii 

Laguna  Peak,  California 
Rosemont,  Minnesota 
Prospect  Harbor,  Maine 

BELT 

LIZA 

FAIR 

Station 

Classified  Location 

Classified  Location 

Classified  Location 

Location 

008 

Sao  Jose  dos  Campos,  Bra2ii 

013 

Mi  saw  a  AB,  Japan 

014 

Elmendorf  AFB,  Alaska 

016 

Barton  Stacey,  England  (British  operated) 

018 

Thule  AFB,  Greenland 

020 

Mahe,  Seychelles  Islands,  Indian  Ocean 

021 

Brussels,  Belgium  (Belgian  operated) 

022 

NAVCOMMSTAPHIL,  San  Miqual.  Republic  of  the 
Phiiiipines 

023 

PWC,  NAVSTA,  Guam 

103 

Las  Cruces.  New  Mexico 

103 

Pretoria,  South  Africa 

»  »» 

Smithfield,  Australia  (Australian  operated) 

1  IT 

Tafuna,  A  me  riean  Samoa 

192 

Austin,  Texas  ( University  of  Texas/ ARL  operated) 

19T 

Shemya  AS,  Alaska 

350 

NAP  Sigoaeiia,  Sicily 

351 

Mould  Bay.  Price  Patrick  Island,  Canada 

NTS  Net: 


Blossom  Point,  Md  (Command  only) 

Guam  (Pacific  Ocean) 

Seychelles  (Indian  Ocean) 

Samoa  (Pacific  Ocean) 

Richmond,  Florida 

Chesapeake  Bay,  Md.  (about  20  miles  S.E.  of  Washington,  D.C.) 
Hawaii  (possibly  command  links  also) 
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SITE  VIEWING  OPPORTUNITIES 


SIMULATION  RESULTS 


The  relative  effectiveness  of  four  alternative  tracking  station  networks  was  evaluated  using  the 
OPS  simulation  computer  programs.  This  program  simulates  the  real-world  dynamics  and 
generates  pseudorange  measurements  which  are  utilized  to  update  a  Kalman  fiber  that  provides 
a  current  best  estimate  of  satellite  positions,  velocities,  clock  offset  and  clock  drifts.  The 
covariance  matrix  of  the  solution  vector  is  the  statistical  estimate  of  the  accuracy  of  the  Kalman 
filter  solution.  The  charts  shown  in  the  following  figures  are  plots  depicting  the  relative 
accuracy  of  the  fo»*r  alternative  trade! ng  station  networks  for  each  of  the  four  satellites  in  the 
cons  tell  utien.  The  data  plots  show  the  square  root  of  the  trace  of  the  predicted  covariance 
matrix  (just  prior  to  update  for  measurements)  as  a  function  of  time  for  each  satellite: 
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Where  1  is  the  satellite  identification. 
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1. 


INTRODUCTION 


1.1  Purpose 

This  document  identifies  the  rationale  and  evaluation  criteria  for  choosing  appropriate 
candidate  computer  systems  for  the  computational,  communications,  and  control  require¬ 
ments  of  the  GPS  Control  System  Segment. 

1.2  Overview  of  Selection  Concepts 

A  diagram  showing  the  various  computer  systems  and  the  interconnecting  telecommunication 
lines  for  the  Control  System  Segment  network  Is  shown  in  Figure  1.2-1.  All  computers 
within  this  network  will  be  evaluated  and  selected  from  the  standpoint  of  integrated  ha  I'd  ware/ 
software  systems. 

The  performance  of  a  computer  is  dependent  unon  both  the  quality  of  the  systems  software 
and  hardware.  From  the  standpoint  of  the  applications  programmer,  the  hardware  and 
software  provide  a  set  of  services  which  are  inseparable  and  Indistinguishable  components 
of  the  system.  Software  maintenance  and  sv stems  support  are  required  just  as  hardware 
maintenance  and  support  are  required.  Emphasis  on  evaluating  the  total  hardware /software/ 
support  services  capabilities  of  the  competing  venders  will  be  a  basic  objective  in  Control 
System  Segment  computer  system  selection. 

1.3  Impact  of  Phases  0  and  HI  on  Computer  Selection 

As  stated  in  SS-G  PS-101  A,  the  computer  systems  selected  for  Phase  I  must  be  expandable 
to  the  point  of  accommodating  the  requirements  of  the  Phase  n  12  satellite  constellation. 

The  highly  developmental  and  experimental  nature  of  Phase  I  also  makes  the  ability  to 
increase  internal  speeds,  central  and  mass  memory  and  telecommunication  handling  capacity 
an  absolute  necessity.  This  growth  potential  will  be  a  highly  weighted  factor  in  the  selection 
of  computer  systems.  Growth  potential  will  be  more  inclusive  than  having  the  ability  to 
add  on  additional  or  faster  devices  for  improving  hardware  characteristics.  It  means  that 
software  systems  must  be  available  to  exploit  these  features  while  remaining  as  adaptable 
as  possible  to  GPS  applications  programs. 

Phase  III  will  have  security,  reliability  and  loading  requirements  above  the  capabilities  of 
the  initial  phases.  These,  together  with  the  expected  advances  in  computer  technology 
during  this  period,  will  undoubtedly  result  in  major,  if  not  total,  computer  systems  replace¬ 
ment.  The  influence  of  Phase  III  requirements  on  initial  computer  system  selection  should 
not  be  understated,  however.  The  computer  systems,  and  particularly  the  MCS  system, 
selected  for  Phase  I  should  have  all  the  major  attributes  and  capabilities  required  by  the 
later  phases.  This  subject  is  discussed  further  in  the  Selection  Criteria  section  of  this 
report. 


4-1 


Figure  1.2-1.  Global  Positioning  System  (GPS)  Overview  Interface 


2.  REQUIREMENTS 

2.1  MCS  Computer  Functional  Requirement 

The  computational  equipment  at  the  MCS  shall  be  sized  in  speed  and  memory  capacity  to 
Support  the  operation  of  GPS  Phase  I  software.  The  equipment  will  be  selected  to  ac¬ 
commodate  expansion  to  support  the  operation  cf  twelve  closely-space  satellites.  Responsive¬ 
ness  as  indicated  by  operational  time  lines  for  12  satellites  shall  be  considered  in  determin¬ 
ing  the  needed  computer  throughput  rate.  Source:  SS-GPS-1Q1A,  para.  3. 2. 1.2. 2.1. 

The  MCS  functional  requirements  may  be  catagorized  as  separate  computational,  communica¬ 
tions  and  control/display  functions.  Each  of  the  catagories  la  discussed  in  the  following 
sections. 

2.1.1  Computational  Functions 

The  MCS  computer  must  have  the  speed,  central  memory  and  mass  storage  capacity  as  well 
as  the  extended  precision  capability  to  perform  the  following  GPS  computational  tasks:* 

•  Satellite  Fphemeris  Upgrade 

•  Satellite  Load  Data  Preparation 

•  Satellite  Polynorainal  Generation 

•  System  Clock  Update 

•  Tracking  Data  Processing 

•  Meteorological  Data  Processing 

2.1.2  Communications  Handling  Functions 

The  MCS  computer  system  will  handle  the  routing  of  all  data  throughout  the  Control  System 
Segment  network  with  the  exception  of  the  telemetry  verification  messages  from  the  Monitor 
Station  to  the  eo-iocated  Upload  Station.  The  following  data  transfers  and  capabilities  will 
be  required:** 

•  MS  to  MCS,  SV  range,  environmental  and  status  data 

•  MCS  to  Upload  Statical  data  set  transmission 


*  Detailed  information  on  the  MCS  computational  requirements  may  be  found  in 
DUB  DOOOOStttB. 


•*  Detailed  information  on  MCS  computer  communications  may  be  found  in  DUB  D&0005ti2B. 


•  MCS  to  AFSCF  upload  data  set  transmission 

•  MCS  to  MS,  scheduling  and  initialization  data 

•  AFSCF  to  MCS,  SV  health  and  status  data 

•  Auto  dial-up  and  answer  back  capability  for  all  lines 

•  Capability  to  initiate  dead-start  procedures  at  MS's 

2.1.3  Control  and  Display  Requirements 

All  Control  System  Segment  command  and  control  functions  will  be  initiated  at  the  MCS 
either  under  the  automatic  control  of  the  MCS  computer  system  or  by  the  system  operator 
through  interaction  with  the  MCS  computer  system.  Displays  of  system  control,  status, 
performance  and  scheduling  Information  will  be  provided  to  the  system  operator  for  analysis 
or  information  purposes.  System  control  and  display  functions  will  be  implemented  at  the 
MCS  on  commercially  available  CRT  or  hard-copy  peripheral  devicos.  Oporator  control 
will  be  through  keyboard  messages  to  the  system. 

2.2  MS  Computer  Functional  Requirements 

The  monitor  station  hardware  and  software  for  GPS  Phase  I  shall  be  upward  compatible 
from  a  configuration  that  will  support  four  satellites  to  a  configuration  that  will  support  a 
constellation  of  twelve  satellites.  Source:  SS-GPS-101A,  para.  3. 2. 1.2. 1.1. 

The  major  functional  requirements  of  the  MS  computers  are  as  follows: 

A)  Controlling  receiver  sequencing  of  space  vehicle  (SV)  monitoring 

B)  Collecting  SV  tracking  information  for  determining  orbiting  parameters  of  each  SV 
Q  Determining  ionospheric  propagation  delay  corrections 

D)  Supporting  data  communications  between  the  MCS  and  MS 

2.3  MCS  Computer  Desigu  Requirements 

The  master  station  computer  shall  provide  the  data  processing  environment  needed  to  host 
the  software;  display  of  system  control,  status,  performance  and  scheduling;  development 
of  new  computer  programs,  and  generating  hard  copy  of  status,  performance,  and  scheduling 
information.  Source;  SS-GPS-191A,  para.  3.?. 3.1.1. 


The  MCS  Computer  System  must  have  sophisticated  capabilities  to  petto  cm  the  Octroi 
System  Segment  functions  described  in  the  preceding  sections.  These  requirements  delineate 
a  system  which  should  have  the  following  general  attributes  and  capabilities: 

A)  A  multi -prog  ram  ruing  real-time  system  designed  for  a  range  of  applications  where 
a  number  of  processes  must  be  monitored  concurrently. 
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B)  Provide  simple  coupling  to  on-lino  processes  through  a  variety  of  real-time 
Interfaces. 

C)  Provide  dynamic  allocation  of  system  resources  for  optimum  real-time  response. 

D)  Provide  large-scale  data  mangement  capability  through  an  extensive  set  of  filo 
processing  techniques. 

E)  Provide  an  assembler  and  high-level  language  compiler. 

P)  Provide  for  straight-forward  application  program  development  through  on-line 
editing  and  debugging  techniques. 

2.4  MS  Computer  Design  Requirements 

The  MS  computer  shall  provide  the  data  processing  environment  needed  to  host  the  software 
for  accomplishing  the  tasks  listed  in  Paragraph  3.7.3. 2. 2  of  SS-GPS-lOiA. 

In  addition,  the  MS  computer  systems  will  be  designed  to  operate  with  a  minimum  of  manual 
intervention.  The  hardware/firmware  design  will  include  the  capability  of  receiving  trans¬ 
missions  from  the  MSC  which  will  initiate  dead-start,  loading,  testing  and  execution  pro¬ 
cedures  under  the  control  of  the  MSC  computer  or  operation.  MS  software  and  hardware 
will  have  the  further  mandatory  requirements  described  in  Section  4  of  this  report. 

As  stated  above,  software  systems  and  computer  hardware  must  be  considered  as  insepara¬ 
ble  components  of  a  computer  system.  The  design  requirements  for  the  MS  computer  will 
include  software,  central  processor,  peripheral  equipment  and  services  required  to  perform 
the  Phase  I  MS  computer  tasks.  A  detailed  description  of  mandatory  requirements  and 
desirable  features  is  given  in  Section  4  of  this  report. 


3.  GROUND  RULES  AND  REQUIRED  INFORMATION 


It  is  reasonable  to  assume  that  the  Uploading  Station  and  AFSCF  Magnetic  Tapo  Terminal 
will  be  supported  by  equipment  common  or  compatible  with  the  MCS  computer  system. 
However,  the  question  of  whether  or  not  the  User  Segment,  US,  and  MS  common  functional 
requirements  should  be  implemented  on  the  s'tr.ia  or  compatible  computer  system  is  not 
resolved.  Assuming  that  the  US  computer  is  not  a  compatible  member  of  the  same  family 
23  the  MCS  computer,  then  one  of  the  following  approaches  must  be  selected: 

A)  US/MS  commonality  outweighs  the  commonality  of  the  MCS/MS  implementations 
and  the  selection  of  the  MS  computer  will  be  determined  primarily  by  the  selection 
of  the  US  computer. 

D)  Common  or  compatible  systems  throughout  the  Control  System  Segment  outweighs 
US/MS  commonality  and  requires  separate  implementation  of  US  functions  on  the 
MS  computers. 

Other  ground  rules  are: 

A)  The  method  of  computer  selection  will  be  evaluation  of  bids  from  vendors  respond¬ 
ing  to  RFPs. 

B)  RFPs  will  staio  specifications  of  the  tasks  to  bo  performed,  rather  than  specific 
means  of  doing  the  tasks 

C)  Certain  requirements  will  be  considered  mandatory:  each  mandatory  requirement 
must  be  satisfied  or  the  vendor  will  be  eliminated  from  further  consideration. 

To  develop  specifications  for  the  various  tasks  ro  be  performed  in  the  computer  systems 
the  following  info  mat  ion  must  be  provided: 

A)  Sequence  and  maximum  time  allowable  for  completion  of  each  computational  task. 

B)  Precision  required  for  the  arithmetic  operations  of  each  computational  task. 

Q  Types,  quality,  ami  quantity  of  all  hardcopy  documents  and  display  messages  to  be 
presented. 

D)  The  sequence,  volume,  frequency  of  transmission  and  kind  of  information  to  be 
transmitted  through  ail  points  of  the  Control  System  Segment  artwork. 

E)  How  soon  the  various  kinds  of  information  must  arrive  to  be  useful.  What  intervals 
the  information  is  to  be  transmitted  and  when.  Row  much  delay  is  permissahle 
and  the  penalty  for  delav®. 

F)  How  the  total  system  is  going  to  grow  and  the  rate  of  growth  from  the  initial  installs 
£iou  ia  Phase  1  on  through  la^er  phases  of  the  GPS  program. 
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Most  of  this  information  will  be  available  from  the  MCS  and  MS  computer  hardware  specifi¬ 
cations  is  sufficient  detail  to  be  incorporated  in  tho  RFP  for  potential  vendors. 

4.  EVALUATION  CRITERIA 

For  purposes  of  evaluating  vendors,  the  GPS  Control  System  Segment  computer  specifica¬ 
tions  are  divided  into  mandatory  requirements  and  desirable  features.  All  mandatory  re¬ 
quirements  must  bo  satisfied  or  the  vendor  is  eliminated  from  further  consideration.  The 
desirable  or  discriminatory  features  form  the  basis  for  selecting  the  winning  proposal. 

The  degree  of  the  vendors'  ability  to  satisfy  the  desirable  features  will  bo  the  principle 
means  of  evaluating  the  proposals. 

4.1  Systems  Software  Mandator/  Requirements 

The  capabilities  outlined  in  Section  T  and  in  SS-GPS-101A  require  that  the  MCS  computer 
be  supplied  with  an  operating  system  capable  of  supporting  a  number  of  complex  software 
functions.  The  applicability,  soundness  and  maintainability  of  this  must  be  Insured  by 
making  tho  following  mandatory  requirements: 

A)  The  systems  software  supplied  by  the  manufacturer  will  have  been  in  use  at 
installations  of  at  least  10  separate  organizations  ior  a  period  of  at  least  one  year 
prior  to  its  Initial  installation  for  program  development. 

B)  The  manufacturer  must  be  capable  of  supplying  a  resident  systems  analyst  trained 
and  experienced  with  the  supplied  software  in  applications  having  requirements 
similar  to  the  GPS  Control  System  Segment. 

Q  Complete  detailed  documentation  on  the  systems  software  as  well  as  source  listings, 
flow-charts  and  source  decks  must  be  available  from  the  vendor. 

D)  USAS  FORTRAN  IV  compiler  and  symbolic  assembler  must  be  supplied  under  the 
real-time  operating  system. 


4.2  Systems  Software  Desirable  Features 

Some  of  the  follow1^  features  could  be  considered  requirements  for  implementing  MCS  computer 
applications.  They  are  defined  as  desirable  features  in  order  to  evaluate  their  impiementatios 
under  each  vendors  systems  software.  These  features  and  a  short  definition  of  each  follows: 

A)  Disk  Operating  System.  A  disk-based  system  uses  random  access  peripherals  as 
an  extension  of  Executive  main  memory,  and  as  the  principal  data  interchange 
medium.  This  capability  Is  required  at  the  MCS  and  Uploading  Station  computers 
only. 


B)  System  Generation.  The  process  by  which  a  collection  of  system  services  are 
tailored  to  meet  the  local  physical  constraints  and  performance  requirements 
of  the  end-user-  If  MCS  and  MS  use  members  of  a  compatible  family,  the  MS 
system  generation  will  be  done  on  the  MCS  computer. 

C)  Task  Overlay  Structure.  A  segmented  task  in  which  the  segment  currently  being 
executed  may  overlay  the  memory  occupied  by  a  previously  executed  segment 
belonging  to  thj  same  task. 

D)  Multiprogramming.  The  process  of  multiplexing  two  or  more  resident  tasks 
competing  for  resources  in  a  single  processor. 

E)  Multi-Tasking.  Multi-tasking  is  the  multiprogramming  of  two  or  more  tasks 
having  a  common  applications  objective.  Such  tasks  need  to  communicate  among 
themselves  and  synchronize  thoir  activities. 

F)  Shareable  Libraries.  A  shareable  library  consists  of  subroutines  that  are  coded 
such  tfsat  they  may  be  interrupted,  asynchronously;  service  another  requrest, 
either  for  the  current  or  a  different  task;  then  resumo  later  at  the  point  of 
interruption. 

G)  Foreground/Baekground.  A  foreg round /backg round  system  is  one  in  which  core  is 
partitioned  into  two  separate  regions,  one  for  executing  real-time  tasks  and  one 
for  execution  of  low  priority,  pre-enr'“-'Nle  tasks  not  involved  la  system  operation. 

If)  Power  Failure  Restart.  Power  failu  tart  is  the  ability  of  a  system  to  smooth 
out  intermittent  short-term  power  flu*., nations  with  no  apparent  loss  of  service, 
without  losing  data,  all  the  while  maintaining  logical  consistency  within  the  system 
itself  and  the  application  tasks. 

I)  Priority  Scheduling.  Priority  scheduling  is  the  method  by  which  system  resources 
are  distributed  to  active  tasks,  based  solely  on  the  task's  priority.  With  many 
units  executing  in  parallel,  the  system  must  schedule  mors  titan  just  the  CPU.  As 
a  result,  scheduling  can  be  viewed  as  a  3 -step  process*. 

1)  Providing  tasks  with  the  resources  they  request 

2)  Selecting  requests  to  be  issued  to  shared  resources  (memory  pool,  and  public 
disks,  for  example) 

3)  Selecting  tasks  for  control  of  *he  CPU 

J)  Error  Resorting.  A  centralized  error  reporting  facility  is  a  system  service  de¬ 
signed  specifically  for  reporting  error  conditions  via  a  standard  iaierfaee.  available 
to  all  tasks  in  the  system. 

K)  Device  tfidepeadertce.  A  system  which  provides  the  accessary  services  to  make  it 
possible  for  task*  to  process  the  same  type  of  data  on  different  device  types  without 
requiring  a  program  change  supports  device  independence. 
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L)  Contingency  Exits.  Subroutines  automatically  entered  as  the  result  of  an  unantici¬ 
pated  synchronous  condition,  or  as  the  result  of  an  asynchronous  condition 
(anticipated  or  unanticipated)  are  contingency  exit  routines,  and  the  conditions 
which  triggered  their  entry  are  contingency  exit  conditions. 

Synchronous  exit  conditions  are  those  which,  if  they  occur,  are  the  result  of  a 
specific  instruction  encountering  an  unanticipated  event,  and  if  the  code  sequence 
up  to  and  including  the  instruction  wore  repeated  under  identical  conditions,  the 
same  unanticipated  event  would  occur.  An  example  is  floating  point  underflow. 

'  By  contrast,  asynchronous  conditions  are  not  associated  with  a  specific  instruction 
execution  and  tho  point  of  exit  for  the  condition  in  the  code  is  unpredictable.  An 
I/O  termination  is  an  example  of  an  asynchronous  condition. 

M)  Common  Pile  System.  A  File  System  is  tho  collection  of  system  services  which 
permits  a  user  to  view  his  I/O  as  a  transaction  between  his  program  and  a  name, 
protected  collection  of  records. 

N)  System  Operator  Control.  A  system  which  assumes  the  presence  of  a  human 
operator  and  centralizes  the  functions  of  initiation  run-time  control  and  shutdown 
through  a  uniquely  identifiable  device  (or  devices)  under  the  direct,  exclusive  control 
of  the  human  operator  provides  operator  console  system  control. 

O)  Batch  Job  Stream  Operation.  Single-stream  batch  is  the  facility  whereby  the  system 
processes  a  single  job,  described  by  a  job  control  language  and  entered  into  the 
to-be-processed  queue,  requiring  no  operator  intervention  except  stream  initiation. 
Such  a  facility  consists  of: 

1)  Job  Control  Language 

2)  Job  Scheduler 

3)  Reader /Writer 

P)  Others  may  be  added. 

4.3  Central  Processor  -  Mandatory  Requirements 

A)  The  cent  rai  memory  must  Initially  be  equivalent  to  64 K  words  of  16-bit  memory 
with  field  expandability  to  at  least  12SK  for  the  MCS  computer  and  field  expanda¬ 
bility  to  at  least  32K  for  all  other  computers  in  the  Control  System  Segment. 

The  central  processor  internal  speeds  must  be  capable  of  at  least  a  50%  increase 
over  the  initial  configuration  by  field  installed  options  such  as  faster  memo ry 
modules  or  a  second  CRU  snarmg  central  memory. 


O  Tho  field  installed  memory  expansion  and  internal  speed  improvement  components 
must  be  fully  supported  by,  or  transparent  to,  all  supplied  systems  software, 

D)  All  the  models  of  central  processors  used  in  all  Control  System  Segment  stations 
must  have  been  installed  in  at  least  five  other  separate  user  installations  for  a 
period  of  at  least  six.  months  prior  to  its  installation  for  GPS  program  development. 

E)  CPU's  must  ailow  for  mass  storage  expandability  by  the  addition  of  units  to  at  least 
100%  above  initial  configuration. 

4  Central  Processor-Desirable  Features 

A)  Integer  mult Iply/di vide  hardware  as  options  if  not  supplied  as  standard  equipment, 

B)  Single  precision  and  extended  floating  point  hardware  with  a  64-blt  floating  point 
operand  precision  either  as  options  or  as  standard  equipment. 

C)  Both  program -controlled  and  high-speed  (DMA)  data  transfer  between  memory  and 
peripherals. 

5  Peripheral  Equipment-Mandatory  Requirements 

A)  All  peripheral  devices  and  interfaces  must  be  fully  supported  under  the  supplied 
systems  software  and  be  designed  to  be  directly  compatible  with  the  central  processor 
hardware. 

B)  All  peripheral  device  controllers  and  interfaces  meat  be  supplied  by  tha  manufacturer 
of  the  device  or  the  manufacturer  of  the  central  processor. 

C)  All  peripheral  devices  must  bo  standard,  commercially  available  equipment  and 
must  have  been  installed  in  at  least  10  installations  for  at  least  ope  year  prior  to 
installation  of  the  GPS  development  configuration. 


6  Peripheral  Equipment-Desirable  Features 

A)  Central  processors  manufacturer  is  capable  of  supplying  all  peripherals,  controllers 
and  interfaces. 

B)  Disk  drives  with  removable  disks  having  at  least  1  million  Id-bit  word  capacity  per 
disk  with  a  transfer  rate  no  less  than  1  million  bits  per  second. 

C)  Industry  standard  magnetic  tape  drives  capable  of  producing  compatible  ? -track, 

200,  500  and  SQ0  bits  per  inch  recording  density. 

D)  lane  printer  with  print  speed  of  at  least  300  lines  per  minute  of  132  column  lines. 

E)  Curd  reader  with  road  speed  ef  at  least  300  full  So  columns  punched  cards  per 
minute. 
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F)  CRT  display  with  ability  to  display  at  least  20  lines  of  at  least  72  alphanumeric 
characters  per  line,  per  screen  page. 

G)  Teletypewriter,  Model  33  ASR,  or  similar  printer  should  be  supplied  with  central 
processor  for  system  operators  and  hardware  maintenance  service. 

4,. 7  Services  and  Support-Mandatory  Requirements 

A)  Maintenance  sorvice  must  be  supplied  by  the  service  organization  either  by  MCS 
resident  service  personnel  or  within  a  period  TBD. 

B)  Complete  documentation  of  all  software /hardware  and  interfacing  will  be  available. 

C)  Applications  and  system  software  consulting  by  manufacturers'  systems  specialists 
must  be  available. 

4»3  Services  and  Support-Desirable  Features 

A)  All  maintenance  of  all  computer  equipment  supplied  by  one  service  organization. 

E)  Programming  training  supplied  by  manufacturer. 

C)  Spare  paits  and  back-up  configurations  within  100  miles  distance  from  MCS  and 
response  to  services  calls  made  within  2  hours.  MS  response  time  to  service 
calls  must  be  made  within  34  hours. 
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5.  COMPUTER  MANUFACTURES  CANDIDATES 


The  following  manufacturers  either  meet,  or  are  likely  to  meet  by  installation  date,  all 
the  proceeding  mandatory  requirements.  This  list  is  limited  to  manufacturers  capable 
of  supplying  all  computers  employed  in  the  GPS  Control  System  Segment  network.  This 
limitation  is  imposed  by  the  assumption  that  program  development  for  all  other  computers 
will  be  accomplished  on  tho  MCS  computer  system.  If  US  computer  selection  determines 
MS  computor  selection,  it  is  still  desirablo  to  have  compatible  equipment  at  the  MCS, 
Uploading  Station,  and  the  AFSCF  Torminal. 


Two  obvious  omissions  from  the  cnadidate  manufacturers  above  are  Interdata  Inc.  and 
System  Engineering  Laboratories.  The  Interdata  7/32  does  not  meet  the  mandatory  require¬ 
ment  of  having  its  operating  system  in  use  for  one  year  prior  to  installation.  The  SEL  80 
series  appear  to  be  excellent  machines  but  are  overpowered  and  overpriced  for  Phase  I  of 
GPS  Control  System  Segment  application.  Moreover,  SEL  provides  no  compatible  machines 
suitable  for  the  MS  or  Uploading  Stations. 

6.  ANALYSIS 

The  comparison  matrix  shown  in  Table  6-1  gives  some  of  the  hardware  and  software 
characteristics  of  the  MCS  computer  candidates.  Compatible  computers  in  the  same  family 
would  be  chosen  for  the  MS  computers.  For  instance,  if  the  Data  General  840  were  selected 
as  tho  MCS  computer,  the  Data  General  Nova  2  would  be  selected  as  the  MS  computer.  Each 
of  tho  MS  computor  candidates  are  capable  of  performing  the  MS  tasks  and  compatibility  with 


Table  5-1.  Candidate  Computers 


Manufacturer 

MCS  Candidate 

MS  Candidate 

Possible  US  Candidate 

Qata  General  Cbrp. 

'm 

Nova  2 

Ita!  in  Rugged  Novas 

L  »tal  Equipment  Cbrp. 

11/45 

11/40 

11/20R 

Hewlett-Packard 

3000 . 

2100 

2100* 

Modular  Cbmputer  System 

IV 

II 

. 

N/A 

Varian  Associates 

V73 

VT3  or  820 

11620 

•NOTE:  The  H-P  2100  is  not  raggadtaed  but  undergoes  more  stringent  testing  and  has 
been  successfully  used  ia  more  airborne  and  maritime  applications  than  any 
of  the  other  standard  versions  of  minicomputers. 
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Table  6-1.  MCS  Computer  Comparison  Matrix 


i 

I 

i 

l 


Data  Cenl 

Dec 

H/P 

Mod  Comp 

Varlan 

Characteristics 

340 

11/45 

3000 

IV 

V73 

Central  Processor 

Number  of  Registers 

0 

16 

Stack 

240 

16 

Add  Time,  sec/Word 

.80 

.75-1.30 

1.05 

.  80  (32B) 

1.32 

Hdw.  intended  Pro- 

64  Bits 

64  Bits 

48Bits* 

64  Bits 

64  Bits 

cision 

Hdw.  Byte  Manipula¬ 
tion 

Stnd. 

Stnd. 

Stnd. 

Stnd. 

Sind. 

Real-Time  Clock 

Opt. 

Opt. 

Stnd. 

Opt. 

Sind. 

Pwr.  Failure 

Protect 

Opt. 

Stnd. 

Stnd. 

Stnd. 

Stnd. 

MCS  Suitability 

Good 

Good 

•Marginal 

Good 

Good 

Central  Memory 

Cycle  Time,  sec 

.80 

.85 

.30 

.64 

.66 

Max.  Capacity, 

Words 

131K 

124K 

65K* 

262K 

:J62K 

Parity  Cheeking 

No 

Stnd. 

Stnd. 

Stnd. 

'Opt. 

Storage  Protect 

Stnd. 

Opt. 

Stnd. 

Stnd. 

Opt. 

MCS  Suitability 

Good 

Good 

•Nargioai 

Good 

a  I  .  n  r 

Good 

Peripheral  Equip. 

Mag.  Tape,  7  Track, 
200  BPI 

Yes 

Yes 

Not  Stnd.* 

Yes 

Yea 

Interchangeable  Disk 

Yes 

Yes 

Yes 

Yes 

Yea 

Card  Reader,  LPM 

225/400 

300 

090/1200 

3OO/1OO0 

300A000 

Line  Printer 

346* 

$00/120* 

300/1200 

300/1200 

245 A  200 

MCS  Suitability 

•Fair 

Good 

♦Fair 

Good 

Good 

I/O  Control 

I/O  Word  Site.  8tt  > 

10 

16 

10 

16 

16 

DMA  Channel 

Stnd. 

Stnd. 

Stnd- 

<*t. 

St  ad. 

Max.  Xfer  Rate. 
Words 

1.25M 

1.  ISM 

1.40M 

1.56M 

1.50M 

Interrupt  Level  a 

l* 

Variable 

223 

3-16 

6-64 

MCS  Suitability 

Good 

Good 

Good 

Good 

Good 

System*  Software 

Real-Time  Op. 
System 

RDOS 

stsx-us 

T8D 

MAX  El 

Vortex* 

Fortran  jV  ASCII 
Mnd. 

Tee 

Yes 

Ye* 

Ye* 

Yea 

Macro  AeSemhier 

No 

Ye* 

Yes 

Ye* 

NO 

MCS  Suitability 

Good 

tNeel. 

Good 

Good 

•Fair 

Preliminary  Ranking 

•4 

S 

is 

3 

« 
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the  MSC  system  would  outweigh  any  advantages  other  MS  computer  candidates  might  have. 

The  foregoing  assumes  that  US  computer  selection  will  not  necessarily  determine  the 
selection  of  MS  computers.  The  ideal  situation  would  be  that  optimum  computer  systems 
for  MCS,  MS  and  US  could  all  be  chosen  from  the  same  manufacturer's  compatible  line. 

The  MCS  computer  complex  will  bo  supplied  with  a  full  line  of  peripheral  equipment  for 
satisfying  all  MCS  operational  requirements  as  well  as  for  program  development  for  the 
MCS,  Uploading  Station  and  AFCF  Terminal.  Tho  MS  computer  program  development 
will  also  be  accomplished  on  this  systom  if  compatible  MS  computers  are  chosen. 

The  preliminary  ranking  in  the  Cbmparison  Matrix  does  not  take  into  consideration  some 
vital  factors  which  will  woigh  heavily  in  the  analysis  and  evaluation  of  the  various  manufac¬ 
turers  before  final  selections  are  made.  Some  of  these  are  as  follows: 

A)  Financial  status  and  stability  of  tho  vendor 

B)  Ability  to  provide  tho  support  functions  outlined  in  Sections  4.7  and  4. 8 

C)  Reliability  of  hardware  and  software 

Weighted  scoring  and  cost-value  analysis  techniques  are  boing  developed  for  evaluating 
competent  vendors'  bids  on  the  Control  System  Segment  computer  systems.  These  will 
weigh  all  factors  from  the  importance  they  play  in  tho  developmental  and  operational  success 
of  the  program. 

7.  SELECTION 

Computer  system  selection  will  be  based  or.  thoiough  analysis  and  evaluation  of  all  hardware, 
software  system  and  service  capabilities  of  the  vendors  who  meet  all  mandatory  require¬ 
ments  for  the  GPS  Control  System  Segment.  RFP’s  will  be  issued  to  all  competent  vendors 
with  a  deadline  of  no  more  than  four  weeks  for  reply.  The  final  selection  should  be  made 
within  two  months  of  this  deadline.  It  is  assumed  that  preliminary  tests  such  as  the  running 
of  representative  benchmarks  or  kernels  will  have  been  made. 


TRADE  STUDY  NO.  5 


USER  SEGMENT  COMPUTER 


E.  Martin 


GENERAL  DYNAMICS 

Electronics  Division 
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INTRODUCTION 


Selection  of  the  computer  for  the  GPS  User  Segment  involves  a  survey  of  a  number  of  exist¬ 
ing  computer  candidates  which  may  be  viable  contenders  to  meet  the  requirements  determined 
or  defined  to  fulfill  the  user  processor  function.  This  selection  is  a  trade  study  in  that  the 
result  is  constrained  to  be  cost  effective  in  terras  of  total  procurement  dollars  for  the  hard¬ 
ware  and  development  dollars  for  the  software.  An  additional  constraint  of  low  technical 
risk  is  also  a  factor  in  that  the  computer  hardware  and  software  should  be  reliable  during 
tests  and  readily  modified  to  meet  the  changing  demands  of  the  development  program. 

The  eventual  emphasis  of  the  GPS  program  will  be  on  the  development  and  delivery  of  low 
cost  user  equipment  which  meets  the  varied  operational  requirements  of  each  user  class, 
and  which  also  exhibits  low  cost  of  ownership,  hence,  is  easily  maintained  and  extremely 
reliable.  The  foronmner  of  this  concept  will  be  the  Class  C  computer  prototype  which 
represents  a  unique  set  of  requirements  and  trades  sinco  it  will  be  a  model  design-to-cost 
effort  different  from  the  general  scope  of  the  other  equipment  development.  The  future 
Class  C  design  and  selection  is  excluded  from  this  trade  study  for  this  reason.  It  should 
be  noted  that  tho  trade  study  is  also  concerned  with  computers  which  are  truly  presently 
available  and  is  not  intended  to  be  valid  beyond  the  Phase  I  time  frame,  and  is  certainly 
not  concerned  with  the  potential  computer  options  expected  to  be  available  during  Phase  n 
or  Phase  III  due  to  expanding  technological  developments. 


2.  REQUIREMENTS 

2.1  Functional  Requirements 

The  user  equipment  computer  functional  requirements  consist  of  two  major  areas:  1)  soft¬ 
ware  and  2)  hardware  and  I/O.  The  software  has  been  divided  into  eight  task  areas: 

1.  Executive  Control 

2.  Software  Initialization 

3.  Space  Vehicle  Selection 

4.  Measurement  Processing 

5.  Navigation 

6.  Displiiy 

7.  Self-Test 

S.  Navigation  Aids 


All  of  the  tasks  are  described  In  paragraph  3. 7. 2. 3  of  SS-GPS-101A  dried  29  January  1974. 


The  remainder  of  the  functional  requirements  are: 

1.  The  receiver  accepts  navigation  signals  and  processes  them  to  provide  digital 
data  from  which  the  computer  will  calculate  position  and  velocity. 

2.  The  computer  outputs  digital  data  to  the  receiver  for  code  changing. 

3.  Information  is  able  to  flow  from  the  computer  to  the  receiver. 

4.  The  computer  can  accept  data  from  the  receiver  and  auxiliary  sensors. 

5.  The  computer  is  able  to  provide  inputs  to  other  navigation  devices. 

6.  The  user  computer  is  reprogrammable  and  permits  expansion  in  an  economical 
manner. 

7.  Processor  capability  consistent  with  a  double  precision  add  time  on  the  order  of 
5  microseconds. 

These  requirements  are  basically  the  general  functional  characteristics  delineated  in  tho 
Annex  1  attachment  to  the  RFP  as  presented  in  paragraphs  6.5  and  6.6. 

2.2  Derived  Design  Requirements 

The  basic  computer  design  requirements  derived  from  study  of  the  system  development  and 
technical  performance  concepts  are  summarized  at  the  highest  level  by  the  general  system 
requirement  which  is: 

a.  Computer  shall  be  consistent  with  a  low  cost  user  equipment  concept. 

b.  Computer  will  provide  the  developmental  Phase  I  user  equipment  with  high  condi¬ 
tional  availability  during  the  validation  test  programs. 

c.  Flexibility  should  be  deliberately  maintained  to  provide  for  modifications  during 
the  development  testing. 

A  study  of  system  computer  functions  by  potential  user  classes  and  by  operating  mode  con¬ 
figurations  has  been  performed  (DRB  D9000598B  "User  Equipment  Computet*  Programs".) 
This  effort  established  the  basic  memory  storage  and  execution  time  requirements  for  the 
computer.  If  should  be  noted  that  execution  time  is  determined  by  the  site  of  the  estimation 
filter  employed  and  the  estimation  update  rate  In  conjunction  with  the  basic  machine  speed 
which  is  a  hardware  restriction.  Memory  requirements  by  mode  are  summarized  in 
Table  2.2-1. 

Thruput  estimates  for  the  computer  programs  were  derived  on  the  basis  of  a  12  state  Kalman 
filter  whose  update  rate  is  once  each  5  seconds.  Maximum  required  baseline  throughput  was 
estimated  at  220-250  KOPS  (K  operations  per  second)  with  the  assumption  of  a  1.0  to  2.0 
microsecond  machine  cycle  time  with  a  contemporary  lust  ruction  speed  set.  Baseline 


Table  2.2-1.  Baseline  Memory  Sizing 


Mode 

Memory  Allocation 

16  Bit  Words 

Continuous 

IMU  Aided 

Class  A,  B,  F 

15,800 

Continuous 

AMDR  Aided 

Class  A,  B 

11,500 

Sequential 

Class  C,  D,  E 

6,800 

design  requirements  dictated  a  computer  which  would  have  the  following  characteristics 
shown  in  Table  2.2-2. 

2.3  Ground  Rules 

With  the  large  number  of  candidate  systems  which  are  encountered  In  the  current  computer 
technology  (approximately  170  military  or  quasi-military  computer  assigns  were  initially 
surveyed) -  A  set  of  ad  hoc  ground  cuius  was  used  to  initially  es-abltsa  a  manageable  sorting 


Table  2.2^2.  Baseline  Computer  Characteristics 


Memory  Capacity 

4K,  8K.  16K 

Cycle  Time 

1.0  Microsecond 

Stored  Program 

General  Purpose 

Organization 

Parallel  16  Bit  Processor 

Data  Word 

16/32  Bit 

Arithmetic 

Binary,  Fixed  Point,  Floating 

last  ructions 

16/32 

■ 

Input /Output 

16  Bit  Parallel  1  DMA 

Interrupts 

eternal  and  Internal 

Execution 

2.0  Microsecond  Add  10-20  Microsecond 
Multiply 
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of  dosign  information.  (The  Initial  constraints  arc  documented  in  DRB  D0005D7B  "User 
Equipment  Computor  Selection”.)  These  initial  constraints  were  used  to  establish  the 
following  set  of  ground  rules: 

•  16-bit  x  16K  memory  for  airborne  aided  applications 

•  Avionic  computer  design  with  viable  MIL-SPEC  operation 

•  Previous  or  imminent  military  avionic  application  to  insure  availability  and 
producibiiity 

•  Demonstrated  or  visible  potential  for  I  MU  integration 

•  Sufficient  thruput  for  high  filter  rato 

•  Floating  point  hax'dware 

Changos  to  these  ground  rules  is  continually  possible  because  the  basic  design  requirements 
really  must  be  responsive  to  the  technical  objectives  of  the  program  and  to  the  operational 
constraints  defined  for  the  systom.  Feedback  and  changes  as  a  function  of  preliminary  de¬ 
sign  constraints  and  varying  softwaro  requirement  tend  to  alter  the  computor  design  require¬ 
ments  with  time. 

2.4  Evaluation  Criteria 

Using  the  design  requirements  dieussed  above  the  selection  px*ocess  still  requires  a  set  of 
given  evaluation  criteria  to  make  comparisons  between  the  potential  candidate  computers. 

The  selected  criteria  employed  at  present  for  the  design  trades  are: 

1.  Higher  Order  Language 

Much  of  the  time  and  money  spent  for  any  new  computer  related  program  is  in  the 
area  of  programming  costs.  Employment  of  a  higher  order  language  offers  the 
potential  for  reducing  excessive  software  programming  delays  and  provides  better 
visibility  of  the  computer  program  arid  functions.  Many  candidate  languages  exist 
such  as  FORTRAN,  CMS,  JOVIAL,  BASIC,  and  ALGOL  plus  many  others.  The 
use  of  a  higher  order  language,  HOL,  requires  that  software  packages  must  be 
developed  for  the  computer  and  u  compiler  or  iaterpieter  must  also  be  employed. 

2.  Hardware  Multiply/Divide 

This  criteria  is  a  restriction  on  performance  of  the  computer  hardware.  In  addi¬ 
tion  to  the  hardware  multiply,  an  add  time  of  3  p seconds  was  also  included  to  handle 
the  real  time  control  and  computations  anticipated  in  the  program. 

3.  Floating  Point  Hardware 

Generally  the  cost  of  floating  point  hardware  can  be  justified  by  the  reduction  in 
software  programming  difficulties. 
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4.  Environmental  Qualification 

Two  basic  forms  of  qualified  computer  hardware  designs  arc  presently  employed. 

In  the  military  hardware,  the  computers  are  tested  to  applicable  MIL  SPEC  such 
as  M1L-E-540O,  MIL-E-16400,  or  MJL-E-4158  for  airborne,  shipbo me  or  ground 
based  equipments.  Tim  commercial  hardware  utilizes  a  "ruggedized"  category  of 
limited  testing  which  is  in  excess  of  benign  laboratory  conditions. 

5.  Reliability  (Predicted  or  Demonstrated) 

Data  on  reliability  of  the  equipment  would  establish  its  capability  for  being  availa¬ 
ble  during  extended  testing  conditions  which  will  be  encountered  during  the  develop¬ 
ment  program. 

6.  Cost 

For  the  present  exorcise  only  costs  associated  with  the  basic  computer  and  a 
"standard"  I/O  capability  is  indicated  based  on  budgeting  estimates  for  10  to  20 
units.  Expanded  cost  comparisons  based  on  full  complements  of  peripherals  will 
bo  accomplished  later. 

3.  CANDIDATE  COMPUTERS 

The  compilation  of  viahie  computers  has  been  grouped  into  two  distinct  categories  which 
are  the  military  computers  and  the  commercial  minicomputers.  The  military  computer 
candidates  are  given  in  Table  3-1. 

Commercial  minicomputer  candidates  were  also  considered  but  since  the  list  of  machines  is 
so  extensive  only  the  computers  listed  in  Table  3-2  were  initially  selected  based  on  having 
a  FORTRAN  capability  as  a  qualifying  requirement. 


Table  3-1.  Listing  of  Military  Candidates 


Manufacturer 

Model  Number 

Singer  Kearfott 

SKC  2000 

International  Business  Machine 

4P1-CP2 

International  Business  Machine 

4P1-TC2 

International  Business  Machine 

4  PI -  A  pi 

Uni  vac 

183QA 

Uni  vac 

1832 

Uni  vac 

M  PC-1 6 

Uni  vac 

AN.AJYK-20 

Control  Data  Corp. 

469 

Goatrol  Data  Corp. 

ALFA  1 

General  Electric 

CP32A 

Magna vox 

MAXAL 

Lear  Siegler 

LS52 

Rolm 

NOVA-1802 

Teledyne 

TOY  43 

Rockwell  International 

.  D216 

Tabic  3-2.  Established  Minicomputer  Candidates 


Manufacturer 

Model  Number 

Computer  Automation 

Alpha  16,  Naked  mini  16 

CDO 

1700,  SC-1700 

Data  General 

Nova  800,  820,  1200,  12x0,  1220,  Super, 
Super  SC 

DCC 

D-11G  (same  as  Nova) 

DEC 

PDF  11  -  03,  -05,  -10,  -15,  -20.  -35,  -45 

Digital  Scientific 

META-4 

Electronic  Associates 

PACER 

FMIl 

6145 

General  Automation 

SPC-16,  1830 

General  Electric 

3010/2 

GTE 

Tempo  1,  11 

Hewlett-Packard 

21 00 A,  3000 

Honeywell 

316,  516,  700 

Interdata 

70.  80 

Lockheed 

MAC  16,  MAC  Jr.,  SUE-1110 

Modular  Computer  Systems 

MODCOMP-1,  -11,  -111 

Omnitec 

dZT  483 

Raytheon 

703  .  704  ,  706 

BOL&I  Cbrp. 

Rugged  Nova  -1601,  -1602 

System  Eng.  lab 

-71.  -72 

TI 

S60A,  080 

VAR1AN 

620/?.  neo,  L.  L-100.  RL.  73 

Westiugheuse 

2500 

Xeros  Data  Systems 

CF16A 

4.  ANALYSIS 


Material  Investigated  and  derived  from  the  trade  analyses  and  studies  is  summarized  in  this 
section  by  comparing  the  candidates  against  the  evaluation  criteria.  Additional  supportive 
data  and  trade  study  factors  which  will  influence  the  final  selection  are  also  presented. 

4.1  Evaluation  Comparison 

Comparison  of  the  military  and  commercial  minicomputer  candidates  is  provided  in  separate 
comparison  arrays.  The  military  (Table  4. 1-1)  and  commercial  (Table  4. 1-2)  computers 
are  separately  listed  but  are  evaluated  against  the  same  criteria. 

The  commercial  minicomputer  list  is  selectively  reduced  as  one  applies  the  various  evalua¬ 
tion  criteria.  This  attrition  is  indicated  in  Table  4.1-2.  The  imposition  of  a  ruggedizod 
or  partially  operationally  qualified  commercial  version  lead  to  only  two  potential  candidates, 
the  Honeywell  516  and  the  Hugged  Nova-1602R.  Further  evaluation  in  terms  of  reliability 
and  cost  of  these  candidates  is  still  being  presently  pursued. 

4.2  Supportive  Data 

In  addition  to  the  specific  design  requirements  and  evaluation  criteria  presented,  there  are 
a  large  number  of  suggested  parameters  which  influence  computer  selection.  A  brief 
summary  of  these  cogent  farm  -  is  given  in  the  follow,  ng  paragraphs.  These  factors  are 
grouped  into  areas  of  hardw*  nsiderations,  software  considerations,  and  techno- 
political  considerations. 

4.2.1  Hardware  Considerations 

4. 2. 1.1  Word  Length 

Word  Length 
8 

.12 
16 
24 

32 

4. 2. 1.2  Memory  Parity 

Memory  Parity 

Yes 
No 


Advantages 

Cox.  t ‘bie  with  byte  i/O 

Diviciole  by  2,  3,  4,  6,  8,  and  12 

Most  popular,  low  cost,  software  available 

Two  word  floating  point  accurate  enough  for 

navigation,  Kalman  filter 

Most  powerful  in  computation 


Advantages 

increases  reliability  of  system 
Lower  cost 
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UOt  l.t  r«sfp.  I  a  -  ICO).  -  ICOtt  '  (Hugged  Jvov»  -1602)  I  Hugged  Nava -1GC2  I  Rugged  Kova  -1602 


Comments: 


1.  Core  Memory  rarely  has  parity  errors  hence  the  requirement  is  not  mandatory. 

2.  Military  environment  requires  parity. 

3.  Solid  state  memories  being  unproven  should  have  parity. 

4. 2, 1.3  Programmable  Environment  in  CPU 

Programmable  Environment  Advantages 

Accumulators/Indox  Registers  1.  Older  concept  (more  experience  available). 


Rcgistor  File 


Comment:  HQL  on  an  inexperienced  level  hide 

4 . 2. 1 .4  Hardware  Stack 

Hardware  Stack 
Yes 

No 

4. 2. 1.3  Interrupt  System 

Methods. 

Vectored  (encoded) 

Discrete  (uueodcd) 


2.  Easier  to  program  and  debug  on  an  in¬ 
experienced  level. 

3.  Less  time  and  storage  required  generally 
to  switch  environment  in  an  interrupt 
driven,  multiprogramming  situation. 

1.  Execution  of  loops  and  subroutines 
generally  faster. 

2.  High  level  language  compilers  are  easier 
to  write  and  understand, 

3.  Any  register  can  be  used  as  accumulator 
or  index  register. 

any  differences  from  the  programmer. 


Advantages 

1.  Subroutine  reentrance  automatic. 

2.  Interrupt  handling  and  nesting  automatic. 

3.  Hardware  maintenance  of  system  queues 
automatic. 

4.  Compiler  translation  almost  at  run  time. 

1.  Less  confusing  for  programmer. 

Advantages 

1.  Automatic  device  identification  (low 
software  overhead)  . 

2.  Environment  switching  accomplished 
faster. 

3.  More  reliable. 

4.  Li  conjunction  with  stack  architecture, 
operates  will  within  a  operating  system. 

1.  Greater  flexibility  for  unusual  applications. 
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4. 2.1.6  I/O  Bus  Definition 


Methods 
Commua  In  GPS 


Different  from  CPU  to  CPU 


Advantages 

1.  Low  second  sourcing  cost, 

2.  High  legacy. 

3.  Low  production  cost. 

4.  Hardware  commonality 

1.  Lower  initial  cost. 


Comment:  It  might  oe  highly  desirablo  to  define  each  I/O  Bus  for  standard  I/O  devices. 
4. 2. 1.7  Directly  Addressable  Wo rds 


Size 

25*'<  or  1024  (page  size) 


All  of  Memory 


Advantages 

1.  Instruction  including  address  fits  in  one 
memory  word,  hence  every  memory 
word  can  be  interpreted  as  an  instruction. 

2.  Small  programs  more  compact. 

1.  Much  greater  flexibility  for  programmer. 

2.  Possibility  of  running  out  of  directly 
addressable  memory  does  not  exist. 

3.  BOL  compilers  greatly  simplified. 

4.  Linking  loader  greatly  simplified  and 
more  reliable.  (No  indirect  references 
needed.) 

5.  Large  programs  more  compact. 

6.  Programs  easier  to  debug  and  understand. 

Comment:  Best  of  all:  Allows  local  (256  or  1024)  addressing  for  program  transfer  instruc¬ 
tions  and  ail  of  memory  addressing  for  memory  data  referencing  instructions. 

4. 2. 1,3  Hardware  Floating  Point 

Hardware  Floating  Point 
Yea 

No 


Advantages 

1.  Speeds  up  computations  (important  in 
real  or  near-real  time  environments) 

1.  Less  Hardware,  hence  greater  reliability. 


Comment:  As  with  any  system  that  has  not  been  specified  completely,  a  danger  exists  of  ex¬ 
ceeding  the  capability  of  the  MS  computer.  Should  at  least  have  floating  point 
hardware  as  an  option  that  can  be  added  later.  FORTRAN  compiler  should  gen¬ 
erate  code  to  drive  the  optional  floating  point  hardware. 
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4. 2.1.9  Hardware  Byte  Manipulation 


Hardware  Byte  Manipulation 

Advantages 

Yes 

1. 

Allows  addressing  down  to  an  8-bit 
level. 

2. 

Simplifies  and  speeds  up  certain  "list” 
handling  operations. 

3. 

Simplifies  compilers,  assemblers, 
human  message  handlers. 

4. 

Simplifies  byte  oriented  I/O  operation. 

No 

1. 

Allows  larger  addressable  (word) 
memory. 

2. 

Shortens  instruction  list  of  a  CPU,  hence 
easier  to  learn. 

3. 

One  less  confusion  factor  in  debugging. 

Comment:  Hardware  byte  manipulation  tends  to  be  more  important  in  data  storago/rotrioval, 
business  data  processing  than  in  real-time  control -type  systems. 

4.2.1.10  Microprogrammble  vs  Hardwired 


Method 


Advantages 


Microprogrammable 


1.  Certain  algorithms  can  be  performed 
considerably  faster  on  a  "micro'Wovel. 
(Important  for  real-time). 

2.  CPU  hardware  is  simpler  more  reliable, 
easier  to  service. 

3.  Greater  potential  of  future  LSI  construc¬ 
tion;  hence  lower  ccst.  greater  software 
non  ret*  curing  recovery. 

4.  Less  expensive. 

5.  Older  architectures  cun  be  profitably 
emulated  on  a  machine  instruction  level. 


Hardwired  l.  Easier  to  operate  under  operating  system 

environment. 

2.  Certain  Instructions  can  be  faster  due  to 
specialised  hardware. 


5-13 


4.2.2  System  Software  Considerations 


4 . 2. 2. 1  Family  of  CPUs  Availability 


Type 

Advantages 

Commercial 

1.  Low  cost  ground  station  s$150K. 

a.  System 

Micro-LSI  in  user  equipment  £$1,000 

b.  Micro-LSI 

potentially. 

Ruggedized 

1.  Can  be  flowr,  and  shipboard  tested  with¬ 
out  great  expense. 

Military 

1.  Can  be  used  in  tactical  environment. 

Comment:  Best  of  all.  Need  a  family  that  is  software  compatible  across  all  above  cate¬ 
gories.  Unfortunately  that  restricts  the  selection. 

4.2.2. 2  Multi -processor  Configuration  Availability 

Approach  Advantages 

Yes  1.  Needed  when  single  CPU  runs  out  of 

computing  power. 

No 


Ojmment:  This  capability  is  valuable  In  an  unspecified  future  growth  R/D  program  such  as 
master  control  station.  Unfortunately  there  are  few  CPUs  that  support  this 
capability  with  hardware  and  software,  hence  this  might  be  too  restrictive. 

4.2.3  Techno-Political  Considerations 

4. 2. 3.1  Multi-souree  Availability 

Options  Advantages 

Yes  1.  Improves  manufacturing  competition. 

2.  Eases  logistics. 

No 

Cbtument:  Only  PDP-11  and  NOVA  have  a  second  source  manufacturer.  Hence  requirement 
is  restrictive. 
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4. 2.3.2  Virtual  Memory 


Alternatives  Advantages 

Yes  1,  No  need  to  worry  about  running  out  of 

memory  while  writing  program. 

2.  Automatic  overlaying  and  swapping  of 
core  for  free. 

No  1.  Less  hardware,  less  operating  system 

software,  hence  more-reliablo  easier- 
tc-debug  system. 

Comment:  Nice  to  have  especially  in  MS  equipment;  however  not  many  manufacturers 
support  it  yet. 

4, 2.3.3  Real  Time  Operating  (RTO)  System 

Alternatives  Advantages 

Yes  1.  Speedy  creation  of  organized  real-time 

computer  systoms. 

2.  Allows  background/foreground  operation, 
honce  allows  us*  white  operating  on  line 
(controlling  in  real  time)  if  spare  CPU 
time  is  available. 

3.  Improves  efficiency  of  resource  alloca¬ 
tions. 

No  1.  Lower  cost  procurement. 

Comment:  RTO  disc  based,  is  a  must  in  MS  developmental  mode  equipment. 

Abbreviated  versions  will  also  exist  in  user  equipment  (Micro).  FORTRAN, 
FORTRAN  Loader,  run  time  library  should  cooperate  with  RTGs . 

5.  SELECTION 

Final  seiction  of  the  user  computer  candidate*  has  not  been  completed.  One  conclusion  that 
may  he  drawn  from  the  aniysis  at  this  point  however  is  that  a  very  small  number  of  fiital 
candidates  will  result  from  the  imposition  of  a  higher  order  language  capability,  floating 
point  double  precision  hardware,  low  cost,  and  proven  reliability.  At  this  time  the  one 
outstanding  candidate  is  the  HOLM  Rugged-Nova  Id02R.  Other  critical  selection  parameters 
are  being  Investigated  at  this  time  for  this  candidate  such  as  Us  ability  to  interface  with  the 
auxiliary  sensors  and  the  capability  to  provide  the  monitor  statioo  function  as  a  user  equipment. 
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In  terms  of  potential  candidates  the  following  machines  have  been  identified: 

HOLM  Rugged-Nova  1G02R 
General  Electric  CP32A 
Uni  vac  MPC-16 
Honeywell  516 
Rockwell  D216 
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1. 


INTRODUCTION 


The  purpose  of  this  trade  study  is  to  identify  specific  design  techniques  that  have  a  significant 
effect  upon  the  cost  and  performance  of  User  Segment  equipments.  It  is  apparent  that  all 
techniques  will  not  be  equally  applicable  to  all  user  classes.  This  is  because  of  power  con¬ 
straints,  form  factor,  user  scenario,  and  type  of  environment. 

The  primary  emphasis  on  the  user  equipment  design  is  to  develop  a  minimum  cost  set  of  user 
systems  that  will  provide  adequate  operational  capability  for  a  specified  military  mission. 

The  particular  technical  performance  objectives  and  requirements  are  a  direct  result  of  the 
particular  mission  and  obviously  may  conflict  with  a  lowest  cost  user  equipment  objective. 

The  trade  between  cost  and  performance  then  becomes,  in  reality,  a  shopping  list  that 
identifies  what  improved  performance  costs. 

Primary  restriction  and  emphasis  for  this  analysis  is  on  the  projected  Phase  III  or  operational 
portion  of  the  GPS  program  and  secondary  trade  issues  relevant  to  Phase  I  or  Phase  II  are  not 
discussed.  The  impact  of  design-to-cost  restrictions  is  not  considered  as  a  constraint  on  the 
analysis  since  such  an  issue  would  tend  to  distort  the  alternatives  pursued  by  the  study. 

Particular  dosign  and  performance  requirements  can  be  categorized  for  the  trade  study  as 
follows: 


Technical  Requirements 

Direct  P  signal  acquisition 
High  Anri -Jam  margin 

Maintain  lock  and  tracking  for  high  dynamics 
Minimize  search  and  acquisition  time 
Position  accuracy  of  10  feet 
Velocity  accuracy  of  0.2  feet/ree 
Establish  Satellite  alert 

K n v i  r o n mental  Re qui  re m t  >ts 

Maintain  performance  in  temperature  variation 
Maintain  performance  by  hardness  design 

Several  other  requirement  factors  which  will  influence  cost  but  are  act  specifically  addressed 
iu  this  report  are: 

Packaging 

Reliability 

Maintenance  concepts 
Acquisition  option 

2.  REQUIREMENTS 

2.1  Functional  Requirements 

Basic  user  equipment  requirements  for  performance  are  derived  from  paragraphs  3  and  -»  sf 
Annex  1  ef  the  REP  for  the  study.  Both  functional  and  detail  user  Segment  performance  is 
defined  in  the  preliminary  User  Segment  Specification  SS-US-lGl  submitted  on  January  2S. 
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Design  Requirements 


Numerous  system  design  studies  Involving  detail  requirements  imposed  on  the  User  Segment 
have  been  documented  in  a  series  of  Design  Review  Bulletins  (DRB' s).  Rather  than  attempt 
a  detail  performance  summary,  the  following  DRB' s  are  referenced  as  the  source  file  for 


tho  User  Segment  performance  studies. 

D9Q00582B 

UE  EMC  Requiiemonts 

D9000583B 

UE  Hardness  Criteria 

D9000585B 

UE  Error  Budget 

D9000586B 

UE  Reliabiltty/Maintainability 

D900G587B 

UE  Equipment  Commonality 

D9000588B 

Digital  vs.  Analog  Implementation 

D9000589B 

Software  vs.  hardware  Implementation 

D9000S91B 

Continuous  P-Signal  Receiver  Performance 

D9G0Q592B 

Sequential  P-Signal  Receiver  Performance 

D9000593B 

Clear  Code  Receiver  Performance 

D9000594B 

Integration  with  AMDRU/IMU 

D900059SD 

UE  Antenna  Description 

D900059GB 

UE  Displays 

D9000597B 

UE  Computer  Selection 

D9000598  B 

User  Computer  Programs 

D900Q599B 

UE  Physical  Environment 

2.3 

Evaluation  Criteria 

Fundamental  criteria  for  this  trade  study  is  the  cost  of  a  candidate  implementation  technique 
contrasted  with  the  performance  requirement  delta  which  is  implied  by  the  candidate.  Cost 
figures  are  197-1  dollars  and  are  given  under  the  stated  assumptions  of  a,  000  unit  level 
quantities  where  appropriate.  Applications  with  smaller  visualized  quantities  are  stated  as 
necessary. 

3.  CANDIDATE  TECHNIQUES 

Several  specific  candidate  techniques  have  beeu  established  which  Indicate  significant  cost 
and  performance  differentials.  The  present  candidates  are  trot  re  be  considered  exhaustive  or 
final  since  other  relevant  candidates  will  be  evaluated. 

3.1  Oscillator  Stability  and  Design  vs.  Direct  Acquisition 

User  equipments  which  demand  operational  capability  to  directly  acquire  the  P  signal  will  be 
driven  to  oscillator  quality  and  design  configurations  which  are  obtained  by  additional  expense. 
A  large  amount  of  functional  characterisation  of  the  candidate  quality,  design,  packaging  and 
resulting  performance  is  detailed  la  DRB  D9000599A3.  Oscillator  Stability  Study.  The 
oscillator  stability  versus  cost  and  performance  are  covered  in  Table  3.1-1. 

3.2  Oscillator  Standards 

Maintenance  and  repair  of  user  equipment  wlh  require  test  equipment  which  generate  high 
quality  liming  references.  Selection  of  a  standard  3.  or  io  Mha  clock  will  be  compatible 
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Oscillator  Stability  for  TCXO  Costs  •  $  61  1x10  5x10 

Direct  Acquisition 

-10 

ZP'l  Grade  ovenized  $  134  1  x  10  1  x  10 

Quartz 


Cost  based  on  1, 000  units 


with  existing  test  equipment.  A  non-standard  oscillator  (5. 1125)  will  imply  additional  cost 
in  tost  equipment  modification  or  synthesis.  The  GPS  signal  structure  requires  the  use  of 
a  non-standard  oscillator.  Note  that  the  study  indicates  that  no  fundamental  cost  factors 
are  identified  with  procurement  of  a  non-standard  oscillator  provided  sufficient  quantities 
are  procured.  Table  3.2-1  showa  the  potential  impact  of  non-standard  oscillators. 

3.3  Error  Correcting  Codes 

Encoding  data  words  for  error  correction  requires  the  use  of  alternate  receiver  demodulation 
techniques.  This  requires  additional  receiver  hardware  and  costs  as  shown  in  Table  3.3-1. 

3.4  Higher  Anti -Jam  Margins 

Higher  Anti-Jamming  margins  may  be  obtained  through  the  use  of  an  accurate  inertial  system 
calibration  and  aiding  concept.  This  imposes  restrictions  on  the  form  of  the  filter  algorithm, 
computer  size  and  computer  through-put.  Additional  IMli  model  verification  testing  and 
validation  is  also  Implied  or  basic  improved  1MU  accuracy  is  demanded.  Table  3.4-1  shows 
the  cost  impacts  for  Improved  anti-jam  margins. 

3.5  IMU  Dynamic  Aiding 

Incorporation  of  an  IMU  Ir.  the  design  concept  to  provide  user  equipment  initialization,  acqui¬ 
sition  search,  and  reacquisition  under  dynamic*  conditions  is  a  technique  of  some  utility.  The 
technique  requires  additional  interfacing  and  computational  penalty  in  the  processor  function 
of  the  design.  Table  3.5-1  shows  the  cost  versus  improvements. 

3.G  Dual  Ionospheric  Measurement 

Propagation  vagaries  associated  with  the  ionosphere  can  be  measured  in  reai-Eime  by  use  of 
dual  frequency  processing  of  the  group  delay  encountered  at  the  and  I.t)  carrier  frequencies. 
Dual  frequency  implementation  requires  redundant  receiver  circuit  implementation.  Table 
3.G-1  shows  the  impact  of  dual  frequency  implementation. 

3.7  Computer  Memory  Hardening  with  Plated  Wire 

Provision  for  hardening  may  be  ice  lulled  for  stored  memory  terms  which  establish  the  com¬ 
putation  base  for  the  processor.  Complete  memory  hardening  of  both  fixed  and  volatile  storage 
is  not  considered  but  rather  a  capability  to  resume  operation  fellow: ng  a  nuclear  event.  The 
costs  for  saemory  hardening  are  shown  ui  Table  3. 7-1. 

3.$  Kepler  Alert  Program  for  tiateilitca 

Identification  of  the  visible  SV*  s  for  the  user  based  upon  a  stored  program  for  establishing  the 
optimum  set  is  defined  using  a  Kepler  orbit  mechanisation.  The  costs  associated  with  this 
implementation  are  shown  in  Table  3.S-1. 

3.3  Analog  vs.  Digital  Design  of  Receiver 

Detailed  investigation  of  potential  functions  uf  the  receiver  which  Slav  be  allocated  between  the 
use  of  analog  or  digital  hardware  is  given  in  DKli  OtHMKfihsH ,  Potential  digital  implementation 
envisioned  for  the  receiver  design  is  detailed  in  ihe  OHS.  Tabic  3.0-1  addresses  this  trade 
study . 
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rABLE  3.3-J  -  Error  Correction  Code  vs.  Coat 


*  Recurring  cost  for  5,  000 
units  in  1980 . 


TABLE  3.5-1  -  1MU  Dynamic 
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TABLE  3,6-1  -  Two-Frequency  Ionospheric  Correction  vs.  Costs 
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TABLE  3.7-1  -  Mem'  ■v  Hardening  vs.  Costs 
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TABLE  3.9-1  -  Analog  vs.  Digital 


3.10  Hardware  vs.  Software  Design 

Certain  functions  of  the  receiver  lend  themselves  to  software  implementation  within  the  processc 
The  inclusion  of  functions  for  code  search,  coarse  and  fine  frequency  estimation,  carrier  and 
code  loop  tracking  demand  a  portion  of  the  processor  memory  and  timing  capability.  A  detailed 
discussion  of  the  techniques  is  given  in  DUB  D9Q00589B.  The  cost  trade-offs  are  shown  in 
Table  3.10-1. 

4.  SELECTIONS 

Many  of  the  cost  versus  performance  study  trades  remain  to  be  finalized  in  the  design  effort 
and  pricing  exercise.  One  of  the  prime  outputs  revealed  by  numerous  study  trade  elements  is 
that  incorporation  of  functions  into  and  by  the  processor  provides  an  economical  way  of 
increasing  system  performance  bo  it  for  alert  modes,  expanded  IMU  calibration,  or  transfer 
of  complete  receiver  capabilities.  This  axiom  will  only  hold  truo  insofar  as  the  predicted 
computer  technology  cost  decline,  actually  do  occur  in  the  1980  time  frame  projected  for  GPS. 
To  a  great  extent,  the  final  selection  of  any  performance  growth  which  carries  with  it  an 
inherent  cost  increase  must  be  made  by  the  operational  user  or  potential  customer  who  applies 
his  own  uuiquo  set  of  weighting  factors  to  the  performance  differentials. 


TABLE  3.10-1  -  Hardware  vs.  Software 
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1.  INTUODU  CTION 


1  hero  are  two  general  approaches  that  appear  feasible  for  correcting  range  measurements 
made  on  signals  transmitted  from  satellites  to  user  equipments  for  the  delay  introduced 
by  the  ionosphere.  One  approach,  "modeling",  is  to  develop  a  mathematical  mode!  of  the 
ionosphere  front  past  data  then  use  this  to  predict  the  correction  to  be  applied  to  measured 
data.  The  second  approach,  called  the  two  frequency  method,  takes  advnr.age  of  the  fact 
that  the  ionospheric  delay  varies  with  frequency  in  a  known  manner  so  th.v.  the  measured 
ditferenco  in  time  of  arrival  of  signals  simultaneously  transmitted  provide  a  means  of  de- 
'lining  the  delay  introduced  by  the  ionosphere. 


The  puroso  of  this  trade  study  is  evaluate  modeling  approaches  to  detorm'»e  Uudr  effective¬ 
ness  for  the  GPS.  The  preferred  selection  must  he  compatible  with  a*’  r  m  phases  of  the 
CPS  program.  In  Phase  I  no  specific  portion  of  rhe  user  navigation  e:  .*  frame  is  allocated 
to  Ionospheric  modeling  data.  It  is  expected  that  the  model  coefficients  or  parameters  will 
bo  transmitted  in  the  spare  bits  of  the  usor  navigation  data  frame 

2.  REQUIREMENTS 

2.1  Functional  Requirements 

User  equipment  must  perform  corrections  for  ionospheric  signal  delay  by  modeling. 

Source:  So-GPS-lOlA.  para.  3.7. g.l. 

2. 2  Design  Requirements 

No  specific  design  requirement  tor  ionospheric  modeling  is  given  by  the  System  Specifka- 
Utm  for  the  GPS  Phase  I. 

2.3  Ground  Rules 


The  ground  rules  for  this  trade  study  include: 

•  the  merenee  model  of  the  ionosphere  used  to  generate  the  data  for  modeling  is 
the  Beat  Ionospheric  Model* 

•  Data  transmission  capability  to  tins  user  i«  assumed  to  be  approximately  20C  bits 
evety  30  seconds 


2.x  Evaluation  Criteria 

The  evaluation  criteria  for  the  varieo*  ionospheric  models  arc: 
•  Percent  RMS  error  for  a  2*  hour  period 


*  Final  Report  of  SAMik)  Omtraet  No.  mTOl -73 -C-O20?. 
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•  Tlio  number  of  bits  transmitted  by  each  satellite  to  the  user 

•  User  equipment  storage  requirements 

3.  CANDIDATES 

Emphasis  has  been  placed  on  candidate  methods  thr.;  allow  minimum  transmission  of  iono¬ 
spheric  data  to  the  satellite,  little  or  no  processing  of  data  in  ti  e  satellite,  minimum  trans¬ 
mission  of  data  from  the  satellite  to  the  user.  The  two  aspects  of  the  ionospheric  data 
representation  that  have  to  be  considered  aro  the  allowances  for  time  and  space  variations 
of  the  data  and  user  location. 

The  ionospheric  modeling  techniques  investigated  for  the  GPS  are: 

A)  Grid  Interpolation  —  A  world  wide  map  of  data  points  consisting  of  ionospheric 
height  and  electron  content.  The  data  points  are  separated  10  degrees  (1100  km) 
and  the  user  employs  linear  interpolation  between  nearly  points  to  determine  the 
ionospheric  delay  along  the  signal  paths. 

B)  Series  Evaluation  —  A  world  wide  map  of  vertical  group  delay  and  ionospheric 
height.  The  maps  are  made  up  of  four  Fourier  series  representations  consisting 
of  a  separate  vertical  group  delay  series  and  ionospheric  height  series  for  the 
northern  and  southern  hemisphere. 

C)  Gradient  Approach  —  A  world  wide  map  of  ionospheric  data  points  spaced  at  13.3 
degrees  (1300  km).  Each  data  point  consists  of  vertical  group  delay,  direction  of 
group  delay  gradient,  magnitude  of  group  delay  gradient  ard  ionospheric  height. 

The  total  electron  confer*  near  any  data  point  is  computed  by  using  the  fixed  values 
and  gradients. 

D)  Cross- Une  Technique  —  There  were  two  transmission  approaches  investigated  for 
this  technique:  the  world  wide  model  and  30  degree  sector  maps.  The  world  wide 
model  uses  vertical  group  delay  and  ionospheric  height  at  5  degree  spacing  aimg 

a  cross  line  on  the  earth.  This  cross  line  is  defined  by  a  magnetic  latitude  line 
and  a  magnetic  longitude  Une.  The  ionospheric  total  electron  content  at  any  point 
on  earth  is  obtained  hy  taking  proportional  ratios  of  suitable  latitude  and  longitude 
data  points.  The  30  degtee  sector  map  technique  is  equivalent  except  a  cross  line 
of  data  points  at  7.3  degree  spacing  are  generate  '  for  each  sector.  A  method  still 
under  Investigation  and  not  reported  herein  is  the  use  of  geographic  longitude  and 
latitude  data  points  for  sector  maps. 

t)  Satellite  Transmit  Delay  —  This  method  utilises  a  Fourier  series  mode!  for  the 
area  of  coverage  for  a  particular  satellite.  The  Fourier  series  represents  the 
line  of  sigh:  delay  from  a  satellite  at  a  particular  time.  The  series  is  a  function 
of  the  co-elevation  angle  and  an  aaiznuth  angle  measured  from  a  known  subsatellite 
point.  This  method  permits  the  user  to  determine  the  propagation  delay  along  any 
signal  ray  to  the  satellite  directly;  thereby  eliminating  computations  of  total  electro.** 
content  and  the  eoseceet  function. 


piiii  iiwwiimwiiwiiiii'iiiiiiiiiiHi  i  iiji.iii  ji|iiiiiiiii  i  i-mrr^n 


I-’)  Static  Cross-Lino  Technique  —  This  technique  is  similar  to  D)  above  except  the  cross 
lino  data  values  are  averages  of  the  electron  content  and  height  of  the  ionosphere. 

The  simple  tabulation  is  with  respect  to  local  time  of  day  for  a  specific  grid  of  mag¬ 
netic  latitude  and  longitudes.  This  simple  static  model  can  be  carried  in  the  user's 
equipment  and  could  be  applied  without  modification  worldwide  to  all  times,  seasons, 
and  sections  ot  the  solar  cycle.  The  analysis  cf  this  approach  is  not  completed 
however;  initial  results  for  evaluations  within  the  same  month  indicate  RMS  errors 
on  the  order  of  55  to  GO17?).  Because  of  the  preliminary  nature  of  this  analysis, 
further  discussion  of  this  technique  is  not  presented  in  this  document.  As  results 
arc  available,  they  will  be  reported  accordingly. 


C)  Universal  User  Model  —  This  technique  utilizes  a  fixed,  user-based  set  of  data 
for  determining  ionospheric  delay.  The  model  consists  of  a  fixed  set  of  zenith 
ionospheric  delays  averaged  over  all  contributing  independent  variables  except 
local  time  of  day,  i.e. ,  earth  location,  solar  activity,  and  dav-to-day  variations 
are  normalized  to  a  mean  value.  The  local  time  of  day  values  would  nominally 
be  one  hour  and  time  adjustment  would  be  performed  by  linear  interpolation.  An 
empirical  analysis  of  this  approach  is  not  completed  and  further  discussion  of  this 
approach  is  not  presented  in  this  document.  However,  the  technique  must  be  con¬ 
sidered  viable  pending  the  outcome  of  the  analysis  because  of  its  great  simplicity. 

3.1  Time  Adjustment 

The  first  method  that  was  investigated  accounts  for  the  time  variation  by  retransmitting 
new  data  of  group  delay  over  short  intervals  of  1/2  hour  without  applying  any  corrections 
for  the  intermediate-  time  discrepancies.  The  results  are  listed  in  Appendix  D,  showing 
that  the  errors  due  to  the  time  offset  are  quire  3mail,  less  than  '•%  of  the  basic  prediction 
at  most  locations,  except  in  a  wide  longitude  band  around  sunrise  where  the  ionospheric 
gradients  change  very  rapidly  with  time  resulting  in  a  RMS  error  of  33%.  The  frequency 
transmission  requirement  in  addition  ic-  the  inaccuracies  eliminates  this  method  from  further 
consideration. 

The  second  method  uses  the  group  delay  data  at  a  fixed  time  and  rotates  it  at  a  rate  of  15  de¬ 
grees  in  magnetic  longitude  per  hour  for  continuous  time  adjustment  over  anywhere  from  1 
to  24  hours.  This  is  the  most  flexible  and  accurate  solution  to  the  problem,  resulting  in 
errors  of  less  thar.  10%  around  sunrise  for  ±  1/2  hour  adjustment  by  rotation,  and  RMS  errors 
of  around  30%  of  the  basic  prediction  for  a  continuous  0  to  a  12  hour  rotational  adjustment 
by  which  a  full  34  hour  period  would  be  covered.  As  explained  in  Appendix  H.  it  is  expected 
that  through  additional  work,  this  method  can  still  be  refined  yielding  an  overall  RMS  error 
of  23%  and  reducing  the  current  maximum  Individual  error  of  50%  to  maybe  40%  of  the  maxi¬ 
mum  prediction  for  eontinous  time  adjustments  and  yielding  an  overall  RMS  error  cf  10% 
for  =  l  Stour  time  adjustments. 

3 . 2  Space  Adjustment 

Four  methods  of  representing  the  space  distribution  of  ionospheric  data  have  been  under 
investigation,  all  of  them  using  the  Sent  Model  and  recoding  the  obtained  ionosoherie  data 
for  minimum  storage  unu  transmission  time  requirements.  Method  l  generates  a  grid 
pattern  of  ionospheric  data,  and  uses  linear  interpolation  in  space  for  all  intermediate 
points.  Method  2  determines  a  set  of  coefficients  that  define  the  series  representation  of 
the  ionospheric  data,  and  the  series  is  evaluated  for  each  data  point.  Method  3  generates 
a  wide  spread  grid  point  pattern  of  ionospheric  data  and  matching  ionospheric  gradients 
which  are  used  to  determine  the  data  far  all  intermediate  points.  Method  4  expands  data 
values  along  a  single  magnetic  kutude-Iungitude  cross  Hue  to  cover  the  whole  world.  The 
accuracies  achieved  by  these  methods  are  described  in  detail  la  the  individual  reports  listed 
in  Appendices  O.  £.  F.  and  G  respectively. 
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3.3  Method  1  -  Grid  Interpolation 

Ionospheric  data  points  cover  the  world  at  10  degree  (1100  km)  spacing,  resulting  in  a  totui 
of  -121  points.  The  data  requirements  for  each  point  arc:  4  bits  for  vertical  group  delay 
leaving  an  orror  of  *2.6  nsec,  and  3  bits  for  the  height  of  the  ionosphere  leaving  *13  km 
inaccuracy.  The  combined  7  bits  per  point  result  in  a  total  of  2947  bits  of  data  covering 
the  world. 

The  transmission  to  the  satellite  consists  of  two  types  of  data:  Once  per  day  a  correction 
factor  of  7  bits  allowing  numbers  between  0  and  127  is  transmitted  for  the  purpose  of  updating 
the  10  day  world  map  of  group  delay.  Every  10  days  new  prediction  values  of  vertical  group 
delay  and  height  are  transmitted  for  the  worldwide  grid.  This  data  consists  of  2947  bits. 

The  processing  by  the  user  involves  linear  interpolation  for  the  space  adjustment,  coordi¬ 
nate  rotation  at  a  rate  of  15  degrees  in  magnetic  longitude  per  hour  for  time  adjustment, 
aid  updating  with  the  daily  correction  factor.  The  user  can  see  the  ionosphere  within  a 
21  degree  radius  of  his  site,  resulting  in  a  42  degree  geographic  latitude  coverage,  and  he 
can  continuously  adjust  for  time  by  rotating  the  magnetic  latitude,  longitude  system,  re¬ 
quiring  continuous  magnetic  longitude  coverage.  Since  the  magnetic  equator  varies  about 
*11.5  degrees  from  the  geographic  equator,  the  user  has  to  store  all  the  data  within  a  65 
ci.gree  latitude  band  around  the  globe  centered  at  the  latitude  of  his  site-  An  observer  on 
the  pole  has  to  store  197  bits  of  data,  and  for  an  equatorial  observer  th-v  stcrago  require¬ 
ment  is  at  its  maximum  of  1583  bits  of  data. 

The  accuracy  'osts  to  this  approach  are  described  in  Appendix  D.  The  RMS  errors  due  to 
the  spore  adjustment  alone  are  about  10%  in  the  equatorial  zone  and  still  lower  outside.  The 
maximum  individual  percent  errors  are  of  about  the  same  size  as  the  RMS  percent  error. 

If  it  is  desired  to  improve  the  accuracy  of  this  method  leaving  less  than  5%  error  in  the  equa¬ 
torial  zone,  the  point  pattern  of  world  coverage  could  be  dent:  if  led  by  spacing  it  at  5  degrees 
between  *  30  degrees  latitude  and  at  10  degrees  outside.  This  would  result  in  1035  points 
or  7243  bits  of  data.  To  retain  the  higher  accuracy  the  number  of  bits  for  vertical  group 
delay  might  have  to  be  increased  from  4  to  5  reducing  the  error  due  to  the  data  coding  to 
tl.20  asec  and  raising  the  total  number  of  bits  even  move  to  8280. 

3.4  Method  2  -  Series  ^valuation 


Ionospheric  world  «  aps  are  represented  fey  2  sots  of  coefficients,  one  far  the  northern  and 
one  for  the  southern  hemisphere  with  JO  coefficients  each.  There  will  have  to  be  a  coefficient 
set  for  the  vertical  group  delay  as  well  as  for  the  height,  of  the  ionosphere.  The  coefficients 
fe-.u*  vertical  group  delay  take  up  ?  bits  of  data  each  allowing  numbers  between  0  and  127  and 
the  coefficients  for  height  use  0  hits  allowing  numbers  between  O  and  63.  This  results  in  a 
total  data  requirement  of  1040  bits  for  world  coverage. 
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T!u?  transmission  to  the  satellite  consists  of  two  types  of  data:  Once  per  day  a  7  bit  correc¬ 
tion  factor  ts  transmitted  to  update  the  world,  map.  Every  10  days  new  coefficient  sots 
describing  the  worldwide  predicted  values  of  vertical  group  delay  and  height  are  transmitted. 
Ths>  data  consists  of  1040  bits  at  a  rate  of  10  bits  per  second. 

The  [> recessing  by  the  user  includes  scries  evaluation  involving  trigonometric  functions 
for  space  adjustment,  coordinate  rotation  at  a  rate  of  15  degrees  in  magnetic  longitudo  per 
hour  for  timo  adjustment,  and  updating  with  the  daily  correction  factor.  A  user  located 
roughly  30  deg  ret:  3  north  or  south  of  the  magnetic  equator  will  only  need  to  store  one  co¬ 
efficient  sot  of  520  bits,  but  users  located  closer  to  the  equator  have  a  storage  requirement 
of  the  total  1040  bits  for  both  sets.  There  is  a  possibility,  however,  to  make  this  double 
storage  unnecessary,  if  the  coefficients  wore  chosen  to  represent  the  Ionospheric  variations 
for  an  area  20  degrees  larger  than  each  hemisphere. 

The  accuracy  tests  to  this  approach  are  described  in  Appendix  E.  The  RMS  error*  due  to 
the  space  adjustment  alono  are  between  14  and  24%  of  the  basic  predictions  for  different 
combinations  of  coefficients.  However,  the  maximum  individual  errors  are  extremely  large 
in  some  cases  73%)  and  higher.  This  indicates  that  by  minimizing  the  residuals  between 
the  model  predictions  and  the  coefficients  estimates,  the  ionospheric  conditions  are  well 
approximated  over  most  of  the  area,  but  result  in  a  very  bad  fit  at  one  relatively  small 
location.  Such  maximum  errors  can  not  be  tolerated,  but  it  should  be  possible  through  more 
work  in  this  area  to  come  up  with  the  best  choice  of  coefficients  that  produce  RMS  orrors 
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smaller  than  twice  tho  RMS  percent  error.  It  might  also  be  possible  to  represent  the 
ionospheric  variations  by  only  20  well  chosen  coefficients  in  each  the  northern  and  southern 
hemisphere.  This  would  result  in  only  520  bits  of  data. 

The  most  satisfactory  approach  would  be  for  each  satellite  to  transmit  the  coefficients 
which  would  enable  a  user  to  compute  the  angular  delay  time  along  the  line  of  sight  to  the 
satellite  which  would  include  ionospheric*  and  tropospheric  refraction.  By  changing  the 
equations  used  in  the  tests  shown  in  Appendix  E,  it  would  probably  be  possible  to  cover  each 
satellite's  v.slbUity  area  with  23  x  3  bit  coefficients  for  the  angular  delay  time .  By  these 
means  a  user  could  receive  the  tropospheric  and  ionospheric  delay  times  along  the  line  of 
sight  to  the  satellite  within  the  half  frame  of  normal  transmissions.  The  input  to  the  us-  rs 
package  would  be  the  2S  coefficients,  azimuth,  and  elevation.  The  only  major  problem  would 
be  the  positional  rotation  of  the  satellite  over  the  ionosphere;  a  satellite  could  not  economi¬ 
cal  store  coefficients  for  time  periods  greater  than  2  hours  throughout  the  day  (2033  bits). 
The  data  »wouid.  therefore,  be  in  error  by  *  l  hour  of  the  satellite’s  path  movement  through 
the  ionosphere  (*3500  km)  which  could  provide  very  large  errors  near  the  equator  where 
the  ionospheric  changes  are  greatest.  Perhaps  added  coefficients  could  account  for  this 
satellite  movement  effect  on  Ionospheric  delay,  or  the  overall  area  covered  by  the  satellite 
could  be  made  very  much  larger  enabling  the  user  to  move  his  effective  position  in  both 
time  and  space. 
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3.5  Method  3  -  Gradient  App roach 

Ionospheric  data  points  and  matching  gradient?  cover  the  world  at  13.5  degree  (1500  km) 
spreing.  The  data  requirement  for  each  point  are:  4  bits  for  vertical  group  delay  leaving 
an  error  of  ±2.6  nsec,  4  bits  for  the  direction  of  the  group  delay  gradient  leaving  an 
uncertainty  of  ±  12  degrees,  3  bits  for  the  amount  of  the  group  delay  gradient  leaving  an 
error  of  ±  7%,  and  3  bits  for  the  height  of  the  ionosphoro  leaving  an  error  of  ±  18  km.  The 
Combined  14  bits  per  point  result  in  a  total  of  3178  bits  of  data  covering  tho  world. 

The  transmission  to  the  satellite  consists  of  a  7  bit  correction  factor  once  per  day  for  the 
purpose  of  updating  the  10  day  world  map.  Every  10  days  new  predictions  for  vertical 
group  delay,  gradient  and  height  are  transmitted  consisting  of  3178  bits. 

The  processing  by  the  user  Involves  the  gradient  evaluation  for  the  space  adjustment,  co¬ 
ordinate  rotation  at  a  rate  of  15  degrees  in  magnetic  longitude  per  hour  for  timo  adjustment, 
and  updating  with  the  daily  correction  factor.  The  user  can  see  tho  ionosphere  within  a 
21  degree  radius  of  his  site,  and  a  tolerance  of  ±  11.5  degrees  in  latitude  is  allowed  for  the 
rotation  of  the  magnetic  latitude,  longitude  system  required  for  the  timo  adjustment.  Thus 
the  user  has  to  store  tho  data  within  a  65  degree  latitude  band  around  the  globe  centered  at 
tho  latitude  of  his  site.  An  observer  on  the  polo  has  to  store  212  bits,  and  a  user  at  the 
equator  has  to  store  tho  largest  amount  of  data  consisting  of  l7 07  bits. 

The  accuracy  tests  lu  this  approach  are  described  in  Appendix  j»\  The  FtjviS  error  due  to 
the  space  adjustment  alone  is  about  12%  of  the  prediction  In  the  equatorial  zone,  mid  the 
maximum  individual  percent  error  is  about  47%.  The  higher  errors  only  occur  at  a  few 
locations  where  tho  gradient  does  not  represent  the  ionospheric  variation  very  well. 

Through  careful  evaluation,  better  gradient  estimates  could  be  found  and  the  overall  RMS 
error  could  be  reduced  to  10%  in  the  equatorial  zone,  and  the  maximum  error  could  be 
reduced  to  values  smaller  than  twice  the  RMS  error. 

3.6  Method  4  -  Cross  -  Line  Technique 

Ionospheric  iiata  points  at  5  degree  (550  km)  spacing  along  one  magnetic  latitude  line,  the 
magnetic  equator,  and  along  one  magnetic  longitude  line  that  passes  through  the  densest  section 
of  the  equatorial  anomaly  are  assumed  to  be  representing  tns  typieal  ionospnerie  variation 
for  the  whole  world.  The  data  n',.'  'meats  for  each  point  are:  4  bits  for  vertical  group 
delay  leaving  an  error  of  s2. 6  usee,  and  2  bits  for  the  height  of  the  ionosphere  leaving 
±15  km  iuaeeuraey.  The  combined  ?  bits  per  point  result  in  a  total  of  770  bits  of  data. 

The  transmission  to  the  satellite  consists  of  a  7  bit  correction  factor  once  per  day  for  the 
purpose  of  updating  the  10  day  world  map.  Every  10  days  new  predictions  for  vertical 
group  delay  and  height  are  transmitted  consisting  of  770  bits. 


The  processing  by  the  user  involves  forming  of  proportional  ratios  for  the  space  adjustment, 
coordinate  rotation  at  a  rate  of  15  degrees  magnetic  longitnuc  per  hour  for  time  adjustment, 
ami  updating  with  the  daily  correction  factor.  The  storage  requirement  for  the  user  is  770 
bits  ci  data. 

The  accuracy  tests  to  this  approach  are  described  in  Appendix  G.  The  UMS  errors  due 
to  ti>e  space  adjustment  alone  are  behvoon  33%  and  75%  for  the  different  cases,  and  the 
maximum  individual  percent  errors  are  between  33%  and  100%.  The  high  RMS  and  maximum 
errors  only  resulted  in  tiro  case  in  which  the  effect  from  the  dipole  magnetic  equator  used 
instead  of  tho  true  magnetic  equator  caused  distortions  in  the  group  delay  contour  lines  at 
high  density  areas.  It  appears  that  through  more  investigations,  the  simple  technique  could 
be  somewhat  refined  that  it  would  yield  RMS  errors  between  20  to  35%  and  maximum  errors 
of  about  tho  same  percentage  or  only  slightly  higher. 

A  variation  on  this  technique  using  a  7®  spacing  could  probably  provide  a  very  satisfactory 
approach,  see  Figure  3. G-l.  We  understand  that  as  one  satellite  frame  is  being  read  by  a 
user's  equipment,  another  satellite  is  being  located.  A  suggested  approach  to  transmitting 


Figure  3.6-1.  Grid  Pattern 
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ionospheric  group  delay  could,  therefore,  be  as  follows.  If  a  satellite  was  over  position  2, 
it  would  sequentially  transmit  ionospheric  group  delay  and  height  for  zones  1,  2,  and  *t ,  etc. 
Even  though  satellites  may  be  transmitting  three  different  zones,  they  would  be  sequentially 
coded  so  that  if  there  is  a  common  zone,  it  would  be  transmitted  by  both  satellites  at  the 
same  time.  If  these  zones  aro  each  304  in  longltudo  width,  a  user  would  need  no  more 
than  3  zones  to  obtain  his  ionospheric  information;  near  the  equator  he  may  need  only 
two  zones  which  ho  could  obtain  from  satellites  transmitting  zones  for  the  northern 
or  southern  hemisphere.  This  is  because  of  a  21  *  equatorial  overlap  providing  a 
30°  x  42°  duplicated  zone  for  each  equatorial  longitude  belt  (north  or  south).  The 
user  could  obtain  information  for  each  zone  ina  1/2  minute  frarno  and  because  of  the 
cwmeutlal  coding,  obtain  all  his  ionospheric  information  after  tuning  in  to  no  moro  than 
three  satellites  within  a  normal  90  second  listening  period. 


Problems  occur  when  a  user  is  in  the  polar  region  and  his  Visible'  ionosphere  would 
reach  over  many  or  all  of  the  northern  hemisphere  zones.  This  problem  can  be  over¬ 
come  by  transmitting  a  grid  of  points  for  the  magnetic  pole  area  about  50“  magnetic 
latitude.  In  this  zone  where  ionospheric  gradients  are  reasonably  symmetrical  a  20° 
grid  provides  good  accuracy  for  interpolation.  To  cover  a  polar  zone  above  50“ 
latitude  ID  coefficients  are  needed  or  133  bits  of  information.  The  user  who  has  to 
obtain  ionospheric  information  from  four  (4)  satellites  can  therefore  receive  sequentially 
the  polar  zone  plus  the  thre^  30*  cross-lino  zones.  One  zone  being  transmitted 
during  one  satellite  frame  with  a  maximum  of  133  bits  plus  5  bits  time  reference 
=  138  bits  maximum  per  frame.  The  satellite  storage  would  be  2  polar  zone  at 
2  times  of  the  day  plus  12  cross-line  zones  at  3  uaiJv  times  per  zone  plus  time  and 
space  reference  bits  making  47 S9  bits  for  a  24  hour  period.  Additional  investigations 
are  still  ongoing  for  this  method. 


3.7  Method  5  —  Satellite  Transmit  Delay 


The  satellite  transmit  delay  method  described  in  DRB  900QG572B  by  H.  Navoy  consists  of 
generating  an  empcricul  grid  of  the  ionospheric  delay  for  each  satellite's  field  of  view  using 
the  reference  Bent  ionospheric  model.  The  resulting  delay  grid  is  then  represented  by  a 
functional  in  time  and  user  location.  The  process  of  generating  the  delay  correction  is 
shown  in  the  flow  diagram  of  Figuro  3.7-1.  The  grid  pattern  and  definition  of  terms  is 
given  in  Figure  3.7-2. 

First,  an  empirical  grid  of  ionospheric  "delay"  is  generated  about  the  subsatcllitc  position 
at  some  time,  t.  The  grid  pattern  is  a  series  of  evenly  spaced  locations  in  concentric  cir¬ 
cles  out  to  the  satellite's  field  of  view  and  about  the  subsalellite  position.  Above  each  grid 
point  is  calculated  the  vertical  group  delay  (GD)  and  height  of  tho  f0F2  layer  (Hm).  Satellite 
time  and  position  as  well  as  the  Bent  Global  Ionospheric  Delay  Model  serve  as  inputs  to  the 
computer  program  which  generates  the  group  delay  and  height  data  for  each  grid  point.  Tho 
grid  locations  are  defined  by  earth  central  angle  and  azimuth  from  the  subsatollito  point.  A 
sample  of  tho  grid  density  is  as  follows: 
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‘•“he  vertical  group  delay  data  are  converted  to  line-of-sight  ( LOS1,  delay  and  the  grid  loca¬ 
tions  are  referenced  to  elevation  angles  and  azimuths  of  potential  users,  based  on  the  foi- 
lowing  relationships: 
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where  (i  '  d  ♦  Z;  also  0  -  C0E  -Aer;  a  is 
selected  amt  Z  is  calculated  where 
two  sides  (Kc  +  lts,  Ue  ►  Hm)  and 
the  included  angle  (a)  are  known. 

A  three-dimensional,  polar  plot  of  the  ionospheric  grid  is  CoE  vs  Aa  vs  LOS  Delay;  a  sketch 
of  a  cutaway  portion  is  shown  bolow: 


LOS  DELAY 


TS034 

Eiguro  3.7-3,  LOS  Delay  with  Respect  to  Subsatoliite  Point. 

This  empirical  ionospheric  grid  can  be  represented  mathematically  in  terms  of  power  series 
of  CoE  and  multiple  angle  trigonometric  functions  of  the  azimuth  angle,  such  that 

n  m 

LOS  Delay  3  K....  (CoE)  (K  *V  (K  cos  (IA  )  *  sin  (iA  ) 

W  JLji  Oj  Uj  a  Zi}  a 

H  W 

Sample  calculations  indicate  that  a  f  and  m  -  3  are  deemed  adequate  for  tin?  mathematical 
representation,  thus  reducing  the  above  equation  to 

3 

LOS  Delay  3  *  CoE  {K^  cos  0  A^)  *  sin  (i  A^) 

i-i 


f,OS  delay  (in  nanoseconds)  may  bo  rewritten  in  terms  of  Ail,  range  correction  (in  feet),  as 
follows: 


3 

Alt  "  ♦  CoE  (A^  * 

i3l 


(It,  cos  (i  A  )  ♦  S,  sin  (i  A  ) 
'  i  z'  i  i' 


since  Alt  in  ft  -  Volocity  of  Light  X  LOS  Delay  in  <icc 


a  .5)8208  X  LOS  Delay  in  natio-scc. 

The  eight  coefficients  A^,  A  ,  R  ,  ltt>,  R^,  S  ,  So,  and  reflect  the  changes  duo  to 
time  ;md  satellite  position;  each  one  expressed  as  a  quadratic  function  of  time  was  found 
to  bo  adequate/,  so  that 


A  =  a  ♦  a  At  *  a  At* 
o  oo  01  02 


A  *  a  *•  a  At  *•  a  At" 
01  010  011  012 


R  »  r  *  r  At*  r  At" 
1  10  11  32 


S  »  8  *  S  At  *•  At"* 

3  30  31  32 


to  which  a  least  square  best  fit  process  is  applied.  The  coefficients  are  evaluated  for  a 
period  of  time,  assume  one  hour,  and  are  stored  on  disk.  The  process  is  repeated  until 
all  the  coefficient  data  for  a  24-hour  span  are  obtained.  These  data  are  valid  for  10  days 
before  requiring  a  Sent  model  update.  In  order  to  increase  tire  accuracy  of  the  data  and 
reflect  tire  daily  solar  radiation  condition  requires  the  insertion  of  the  daily  solar  t'Uix 
expressed  as  a  multiplication  factor. 


The  data  uplinked  to  the  satellite  are  comprised  of  2-4  sets  of  21  coefficients  (assuming  eaeh 
set  is  good  for  one  hour).  The  entire  data  set  takes  2s so  hits  (2-4  \  24  x  5  bits  per  value) 
and  is  valid  for  a  10-tiay  period  before  requiring  a  Bent  modeling  update*  To  increase 
accuracy  requires  a  daily  update  of  the  specific  day's  solar  flux  count  which  can  be  expressed 
ia  ?  bus.  The  accuracy  of  predicting  the  range  correction  is  estimated  to  be: 

RMS  *■»  T  ft,  due  to  Bent  modeling 

RMS  *»  T  ft .  due  to  above  technique  and  assumptions 


£Um  «*!£>  ft 
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4. 


ANALYSIS 


4.1  Comparison  Matrix 

Table  4.  l-l  summarizes  the  requirements  and  accuracies  for  the  methods  using  minimum 
transmission,  storage,  and  processing.  One  of  the  methods  described  is  illustrated  with 
two  different  approaches  making  G  ionospheric  data  representations. 

During  -l  hours  the  satellite  orbits  the  earth  twice,  but  traces  out  one  "two-cycle"  truck  on 
the  surface  of  tho  earth.  The  world  coverage  requirements  arc  shown  for  4  of  the  cases 
whereas  the  other  two  cases  show  tho  storage  requirements  for  the  sectors  beneath  the 
satellite  during  a  24  hour  period.  The  data  can  remain  unchanged,  apart  from  one  7  bit 
update  number,  for  a  period  of  7-10  days  when  new  maps  should  be  transmitted  to  tho 
satellite. 

The  maximum  storage  a  user  requires  is  listed  along  with  the  number  of  bits  he  must  receive 
from  each  of  four  satellites  if  data  from  them  was  sequentially  coded.  It  is  assumed  that 
when  a  user  is  receiving  data  from  one  satellite,  the  equipment  is  locating  a  second  satellite. 
It  is  also  assumed  tint  a  normal  frame  or  "listening  period"  per  satellite  is  30  seconds  and 
that  approximately  200  ionospheric  bits  can  be  transmitted  ir.  this  30  second  period.  With 
sequential  coding  of  satellite  information  a  user  can  receive  400  bits  of  ionospheric  infor¬ 
mation  from  4  satellites  in  the  normal  "listening  period. "  Should  he  miss  one  frame  due  to 
loss  of  lock,  he  may  have  to  remain  on  a  satellite  for  an  extra  period  to  regain  his  last 
information. 


The  errors  shown  are  in  percentages  as  tins  measure  remains  reasonably  constant  irre¬ 
spective  of  ionospheric  delay  magnitude.  The  magnitude  of  these  errors  for  different  sites 
are  shown  m  Figure  4.  l-i  where  the  results  are  for  diurnal  annual  residuals.  The  daytime 
monthly  residuals  are  approximately  twice  as  targe  as  these  during  local  afternoon  and 
occasional  excursions  to  ten  Mines  these  values  will  occur.  Appendix  A  describes  these 
daily  errors  in  more  detail  and  Figure  4. 1-2  shows  how  the  percentages  rems  >a  reasonably 
constant. 

Tire  basic  error  tn  the  model  has  been  shown  to  be  13-30'e  (SAM. SO  TK  7  2 -23b).  Further 
errors  in  the  methods  described  are  due  to  time  and  space  interpolation.  Time  interpolation 
is  targe  when  the  satellite  map  covers  a  24  hour  period  due  to  geographic  and  geomagnetic 
effects  and  lias  been  shown  m  Appendix  It  to  be  25o.  whereas  the  error  for  *  1  hour  inter¬ 
polation  is  only  Spatial  interpolation  is  discussed  separately  for  each  meth'4  in  the 

respective  Appendices.  The  final  column  of  Table  4.  l-l  summarises  the  overall  ll$$  of  the 
three  preceding  columns  relating  to  model,  time,  and  spatial  errors.  The  error  figures 
given  for  the  4  worldwide  cases  include  improvements  that  eaa  bu  expected  to  be  made  is 
(;sv  and  space  interpolation.  The  remaining  two  methods  4b  and  3  aj^pear  to  be  the  ones 
rno^f  suitable  to  be  used  in  the  proposed  navigation  satellite  system. 
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4.2 


Derivation  of  Results 


The  analysis  for  the  results  given  in  the  preceding  comparison  matrix  is  given  ir»  Appendices 
A  through  II. 

5.  SELECTION 

Before  a  particular  recommendation  of  ionospheric  techniques  to  be  used  in  the  navigational 
satellite  system  can  be  made  we  must  consider  a  number  of  items  that  affect  the  simplicity 
of  the  overall  system.  Both  the  satellite  and  user  storage  should  be  kept  to  a  minimum;  the 
satellite  stored  data  can  only  be  updated  once  per  day;  the  satellite  to  user  transmission 
time  should  bo  kept  to  a  minimum;  the  final  results  should  he  as  accurate  as  possible  and 
the  users  reduction  should  be  simple.  It  is  understood  that  approximately  200  bits  per  half 
minute  frame  can  be  used  for  ionospheric  data  transmission  and  if  the  information  can  all 
be  obtained  in  this  period  of  time,  the  user  will  not  need  any  extra  time  in  order  to  obtain 
his  ionospheric  data.  We  also  believe  that  when  a  user  is  receiving  data  from  the  first 
satellite,  his  equipment  is  already  searching  for  the  second  satellite  thercoy  removing  any 
"lock  on”  delay  time.  The  user  requires  data  from  four  satellites  to  obtain  his  final  posi¬ 
tion  and  therefore  the  ionospheric  information  could  be  sequentially  coded  into  four  pans, 
with  all  satellites  in  a  particular  sector  of  the  globe  transmitting  the  same  sectors  at  tho 
same  time.  The  only  major  problem  with  such  a  technique  would  be  that  a  user  who  lost 
lock  during  a  frame  may  have  to  wait  two  minutes  to  obtain  his  lost  ionospheric  data  frame. 

A  major  factor  in  ionospheric  orrors  in  the  simple  approach  is  the  time  factor  causing 
relative  ionospheric  rotation.  If  a  satellite  stores  a  complete  world  map  of  the  ionosphere, 
the  map  must  be  rotated  in  time  up  to  *  12  hours  which  gives  over  23%  error.  A  better 
system  is  for  the  stored  data  to  lie  divided  into  segments  that  are  much  nearer  to  the  time 
required.  This  reduces  the  23%  time  error  to  10%.  In  view  of  all  these  factors,  two  tech¬ 
niques  are  recommended,  one  of  which  is  still  under  investigation  by  General  Dynamics  and 
may  prove  satisfactory.  In  addition  to  these  dynamic  models,  the  two  static  versions  of 
ionospheric  modeling  discussed  la  Section  11  are  also  viable  candidates. 

3.  l  Cross-line  Technique  for  30’  Longitude  Segments 

This  concept  is  still  under  invest)  gat  ion,  but  preliminary  results  presented  here  indicate  the 
method  as  a  modification  is  a  viable  candidate. 

During  a  24  hour  period  a  satellite's  path  on  the  earth's  suit  nee  will  be  two  cycles  as  in 
Figure  3-1.  If  has  been  shown  (Figure  la.  Appendix  G)  that  the  earth’s  ionosphere  shows 
considerable  symmetry  to  the  earth's  magnetic  field  and  therefore  implies  that  for  simplic¬ 
ity  we  should  assume  the  satellite  is  moving  in  a  magnetic  not  a  geographic  environment. 
Figure  3-1,  therefore,  represents  a  magnetic  projection  where  satellite  orbit  can  be  *  12* 
latitude  in  error  over  :>  geographic  illustration,  if  we  are  to  divide  the  globe  up  into  seg¬ 
ments  in  order  to  re  luee  the  time  error  wlucn  is  larger  near  the  equator  and  in  order  to 
reduce  tho  user's  stamps  requirements,  we  wilt  have  a  problem  over  the  polos.  In  this 
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region  a  us^v  may  need  to  receive  ail  the  earth's  segments  of  information  to  provide  his 
total  coverage.  It  is  therefore  necessary  to  transmit  a  separate  polar  eap  zone  to  eliminate 
the  need  for  a  large  storage  of  information. 

A  user  requires  approximately  a  ±  lu®  earth  central  angle  zone  to  eover  his  visible  ionos¬ 
phere  to  a  a*  cut-off  angle.  He,  therefore,  would  require  three  consecutive  30°  zones  to 
cover  his  field  of  view  if  he  is  at  30"  magnetic  latitude.  At  higher  latitudes  the  polar  zone 
would  be  sufficient  although  a  combination  of  3  x  30*  segments  and  a  polar  zone  may  be 
necessary.  Let  us  assume  the  user  is  in  segment  #.  The  satellite  whose  path  is  displayed 
on  the  diagram  would  sequentially  transmit  data  (1/2  minute  or  approximately  HO  bits)  for 
the  polar  zone,  and  zones  T,  a,  and  9.  All  satellites  la  this  sector  of  the  earth  would  trans¬ 
mit  the  same  zones  at  the  same  time.  For  example: 
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For  the  ttmc  error  due  to  tho  earth's  rotation  to  bo  linutod  to  lQ^i  it  is  necessary  for  the 
/.ones  away  from  the  polo  to  be  accurate  to  ±  1  hour  anti  then  the  user  to  rotate  lus  position 
with  reflect  to  time  within  this  zone.  Decause  the  satellite  takes  2  hours  to  cross  a  partic¬ 
ular  /.one  and  because  it  is  transmitting  a  /.one  for  (»  hours,  it  is  necessary  for  the  satellite 
storage  to  contain  data  for  each  zone  at  3  different  times,  cacli  2  hours  advanced  from  the 
other.  Tho  total  satellite  storage  is  therefore  12  zones  x  3  for  24  hours  plus  2  polar  zones 
x  2.  The  polar  zone  can  ho  in  error  by  *  (>  hours  as  the  ionospheric  gradients  are  less 
severe.  An  overlap  of  21*  is  provided  at  the  equator  in  each  direction  so  that  a  user  may 
obtain  his  information  from  either  a  southern  or  a  northern  hemisphere  satellite. 

Let  us  now  consider  the  way  tho  information  in  each  sector  is  to  be  transmitted.  It  is  shown 
in  Aptxmdix  G  that  a  30®  zone  can  be  very  well  represented  by  a  cross-line  tccimiquo.  Each 
of  these  zones  will  therefore  be  transmitted  in  a  way  described  in  Figure  5-2. 

A  7®  spacing  of  group  delay  will  describe  the  magnetic  equator  and  a  seven  degree  spacing 
of  ratios  will  describe  tho  latitude  effect  from  -21*  to  43°  magnetic  latitude.  Above  50® 
latitude  tho  polar  zone  will  dominate.  Fifteen  (15)  coefficients  will  adequately  describe 
each  /.one,  although  a  reference  longitude  and  a  reference  time  will  be  needed.  Tho  refer¬ 
ence  longitude  could  be  a  number  between  1  and  12  which  describes  on  which  multiple  of 
30®  tho  initial  longitude  line  lies.  The  time  reference  should  be  accurate  to  5  minutes  and 
be  related  to  the  time  the  satellite  is  at  the  center  of  a  zone.  The  number  of  bits  per  zone 
is  made  up  of  4  bits  for  the  group  delay  and  3  for  the  height  per  coefficient.  The  longitude 
reference  needs  -l  bits  mid  the  time  reference  5  bits.  One  zone  is  therefore  made  up  of 
(13  x  7)  *■  4  +■  5  bits  »  114  bits. 


The  polar  zone  can  satisfactorily  be  made  up  of  a  20’  grid  as  shown  in  Figure  5-3. 


Figure  5-2.  30®  Zoan 
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Figure  5-3.  Polar  Zeno 


The  coefficients  can  be  fixed  in,  longitude  with  30®  longitude  steps  at  50®  latitude  and  60® 
lung^'tdo  steps  at  70®  latitude.  The  19  coefficients  will  need  only  a  time  reference  of  6  bits 
making  a  total  of  139  bits.  Linear  interpolation  will  bo  performed  in  the  polar  zones. 

In  summary  wo  can  list  tly-  important  features: 

User  storage  3  equatorial  30*  zones  plus  1  polar  zone  «  431  bits. 

Sate  1 1  hr  Transtn  is  a  Km  Approximately  140  bits  per  30  second  user  navigation  data  frame. 

Technique  accuracy  Results  show  this  approach  to  ha^o  dm  following  RMS  errors: 

a)  Model  error  15-30% 

b)  Time  error  10% 

c)  Space  error  14% 

d)  OVERALL  USS  ERROR  23-35% 


5.2  Satellite  Transmit  Delay  —  Series  Approach 

With  this  approach,  cite  series  representation  of  die  polar  plot  of  line  of  sight  delay  will 
provide  coverage  of  the  satellite's  field  of  view  for  a  one  hour  interval.  Emperieal  results 
indteate  that  24  coefficients,  each  of  5  bit  resolution  is  required  to  adequately  represent  the 
desired  accuracy  for  a  one  hour  period.  Because  of  the  minimum  satellite  transmission, 
simpler  user  processing  aud  the  series  longivity  of  one  (l)  hour  this  method  is  the  recom¬ 
mended  approach  when  using  a  dynamic  model. 


Simpler  user  processing  is  obtained  because  of  the  ty|)c  of  model  used.  The  series  repre¬ 
sentation  is  for  the  delay  between  any  user  location  and  the  satellite.  Tins  saves  considerable 
computation  over  other  approaches  that  model  the  ionosphere’s  electron  density  and  height. 
The  reason  is  that  ionosphere  model  require  addition  steps  of  computing  total  electron  con¬ 
tent  along  the  ray  path  of  the  signal. 

In  summary,  the  important  features  aro: 

User  Storage 


127  bits  from  each  of  four  satellites  for  a  total  of  508  bits. 

Satellite  Transmission 

127  bits  per  20  second  user  navigation  data  frame,  with  a  data  chango  every  hour. 
Technique  Accuracy 

Results  show  this  approach  co  have  the  following  RMS  errors: 


Model  Error  15  -  30% 

Time  Error  10% 

Space  Error  14% 

Overall  USS  Error  23  -  35% 
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These  results  were  extracted  t'rc-m  the 
"Final  Report  on  Ionospheric  Modeling" 
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The  size  of  ionospheric  error:)  that  can  bn  expected  after  application  of  a 
good  ionospheric  model 

The  size  of  ionospheric  group  delay  errors  at  1600  MHz  remaining 
after  application  of  several  ionospheric  models  has  been  discussed  in  a 
number  of  SAMSO  reports.  On  average  it  is  assumed  that  over  the 
continental  United  States  a  residual  RMS  group  delay  (measured-predicted) 
for  high  solar  activity  varies  between  2.6  and  3.3  nano-seconds  using  a 
good  ionospheric  model.  For  a  point  nearer  the  magnetic  equator,  however, 
such  as  Honolulu,  this  value  can  be  as  high  as  6.  8  to  9.  0  nano- seconds. 

The  purpose  of  thisshort  report  is  to  point  out  the  real  information  on  group 
delay  that  is  hidden  by  these  deceptive  figures. 

Let  us  look  initially  at  the  ionospheric  characteristics  above  Hawaii 
during  1968  when  the  solar  activity  was  at  its  height  during  the  last  solar 
cycle.  During  the  month  of  January  and  November  large  values  of  total 
ionospheric  concent  existed.  Figures  1  a«u  2  show  Ihe  minimum,  mean, 
and  maximum  values  recorded  during  these  months  where  the  total  electron 
content  has  been  converted  to  group  delay  at  1600  MHz.  It  is  immediately 
obvious  that  even  with  the  best  ionospheric  model,  without  daily  update, 
the  predicted  value  can  be  27  nano- seconds  in  error.  It  is  highly  unlikely 
that  an  ionospheric  model  will  produce  the  same  value  as  the  mean  and  so 
the  likely  errors  may  be  well  in  excess  of  30  nano-seconds  at  vertical 
incidence. 

Studying  these  two  months  in  more  detail  brings  us  to  Figures  3  ard  4. 
These  figures  show  during  one  hour  in  the  local  afternoon  for  January  and 
November,  the  actual  value  of  vertical  group  delay  on  a  day  by  day  basis. 
Also  displa  id  are  the  corresponding  predictions  and  updated  values  using 
the  Bent  Ionospheric  Model.  It  is  obvious  chat  the  predictions  are  very  low, 
but  we  will  show  later  that  this  is  related  to  a  critical  irequeney  very  much 
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higher  than  predicted.  Using  daily  updates  of  critical  frequency  one  hour 
old  at  Maui,  the  predicted  values  are  significantly  correlated  to  the  actual 
values.  Updating  with  Faraday  data  from  Stanford  provides  very  little 
improvement  in  November,  but  a  significant  amount  in  January. 

These  two  figures  indicate  that  vertical  group  delay  times  of  70  nano¬ 
seconds  or  more  wore  measured.  Converting  this  value  to  the  delay  at 
5*  elevation  we  must  expect  line  of  site  delays  of  210  nano-seconds.  One 
may  ask  the  question,  what  would  the  maximum  value  be  during  a  solar 
cycle  where  the  activity  was  much  higher  as  was  the  case  during  the 
previous  cycle?  With  ionospheric  'no-update'  predictions  during  these 
months,  it  is  still  possible  to  have  a  residual  error  (measured- predicted) 
of  40  nano- seconds  at  vertical  incidence  (see  November  24  at  0  hours  UT). 

At  5*  elevation,  therefore,  the  residual  error  after  application  of  a  mean 
ionospheric  model  will  be  120  nano-seconds.  With  update  from  a  nearby 
station,  this  residual  was  reduced  from  -*0  nano-seconds  to  2  nano-seconds. 

Figures  5  and  6  dhow  the  corresponding  predicted  and  measured  f,  F2 
value  and  we  immediately  see  the  measured  value  is  considerably  higher 
than  the  predicted  value  at  all  times  except  the  last  week  of  January. 

During  that  week  when  the  oredictions  for  £aF2  were  reasonably  accurate. 
Figure  3  shows  us  that  the  predictions  of  group  delay  were  also  accurate. 

The  values  of  10.7  cm.  9oUr  flux  are  also  displayed  in  Figures  5  and  6, 
but  on  this  occasion  it  seems  to  bear  little  correlation  to  the  magnitude 
of  f,  F2.  In  fact.  Figure  7  illustrates  the  residual  group  delay  at  0  hours  UT 
versus  the  daily  value  of  solar  flux.  This  demonstrates  that  absolutely 
no  correlation  exists  between  solar  flux  and  the  residual  group  delay. 

One  must  bear  in  mind,  however,  the  inaccuracies  of  the  Faraday 
rotation  measurements  used  to  compute  the  measured  group  delay, 
particularly  during  periods  of  disturbed  conditions.  D. H.  Smith  (JGfl  Feb  197b 
indicates  a  SG?a  change  in  the  mean  diurnal  Faraday  factor  at  Arieebe  existed 
during  an  experimental  period  in  January  l%9  which  would  be  directly 
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proportional  to  the  total  content  and  hence  group  delay.  More  commonly 
a  diurnal  vaiiation  of  f  *4%  exists  in  the  Faraday  factor,  but  using  the 
Bent  Ionospheric  Model  and  a  magnetic  field  model,  an  average  seasonal 
variation  of  9%  has  been  shown  to  exist  at  a  specific  time  over  Hawaii 
in  1969.  These  variations  were  not  included  in  the  basic  reduction  u  the 
data  and  we  mutt,  therefore,  assume  that  they  have  been  fed  into  the  reduction 
of  the  group  delays  shown  here.  Atlantic  Science  Corporation  are  at  present 
working  for  the  National  Aeronautics  and  Space  Administration  (NASA)  on 
a  contract  to  model  such  a  factor  on  a  worldwide  basis  thereby  providing 
a  more  accurate  reduction  of  Faraday  rotation  data. 

In  summary.  Figure  8  shows  the  RMS  residual  group  delay  after 
application  of  the  Bent  Ionospheric  Model  for  Hawaii  in  1963.  Values  in 
excess  of  20  nano-seconds  are  evident  in  November  and  January  without 
update.  These  values  drop  significantly  with  a  local  update.  The  figure 
also  shows  the  basic  no- update  value  for  August  to  be  low  indicating 
considerable  seasonal  variation  of  group  delay.  As  an  indication  that  the 
results  are  not  a  function  of  the  Bent  lonospneric  Model,  the  results  from 
a  Stanford  Model  are  shown  in  Figure  9  for  January  1968.  This  model 
was  built  by  totally  different  techniques  and  still  showed  the  same  large 
diurnal  variation  in  the  RMS  residual.  Figure  10  shews  the  improvement 
that  can  be  obtained  by  ionospheric  modeling  with  and  without  :  pdate  under 

the  worst  conditions. 

The  continental  United  States  has  a  much  more  stable  ionosphere  as 
it  is  some  distance  from  the  magnetic  equator.  In  this  region  the  maximum 
monthly  RMS  residual  after  applying  a  good  ionospheric  model  will  be 
about  6-7  nano- seconds  during  local  afternoon.  The  actual  daily  residual, 
however,  may  rise  to  d  times  this  value. 
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The  feasibility  of  using  two  frequency  group  delay  measurements  to 
eliminate  the  ionospheric  retardation  of  signals  front  satellite  to  ground 

Radio  signals  from  artificial  earth  satellites  propagated  through 
the  earth's  ionosphere  are  subjected  to  group  delays.  These  effects  cause 
uncertainties  in  the  determination  of  distance  between  transmitter  and 
receiver;  the  uncertainties  being  a  function  of  the  frequency  of  transmission 
and  the  electron  densities  in  the  ionosphere. 

For  a  single  transmission  frequency  where  onlv  group  delay  is  being 
measured,  it  .is  necessary  to  model  the  ionospheric  electron  content  in 
order  to  account  for  time  delay  within  the  ionosphere.  Modeling  the 
ionosphere  which  has  many  uncertainties,  can  still  lead  to  errors  which  are 
unacceptable.  It  is  possible  to  monitor  both  group  delay  and  phatfe  delay 
to  account  for  ionospheric  problems  or,  more  accurately,  it  is  possible  to 
monitor  the  source  with  two  frequencies  if  these  frequencies  are  well 
separated  and  are  nigh  enough. 

An  explanation  of  the  two  frequency  approach  is  given  below-. 

The  eietromagnetic  path  of  a  radio  wave  is  defined  by  Fermat's 
principle  as  that  particular  path,  of  all  possible  paths  the  ray  might  follow, 
that  results  in  the  minimum  group  path  length.  The  quantity  is  obtained 
by  integrating  the  refractive  index  along  the  group  path 
(* 

L(t)  a  J,  n(r.  r.9)d3 

where  g  represents  the  group  path.  The  limits  on  the  integral  are  understood 
?o  be  time  dependent. 

The  electromagnetic  path  length  of  the  geometric  or  straight  line 
path  is  obtained  by  integrating  the  refractive  index  along  the  geometric 
path 

C(t)  *  J.  a(r.  r.3)  da 

where  s  rep**jeuts  the  straight  line  path. 
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The  group  path  length  can  be  expressed 


L(t)  =  C(t)  + 


r 


J,  n(r,  r,0)  ds 


n(  r,  T,  0)  da 


or  L(t)  -  C(t)  +  AL  where  is  the  correction  for  bending 


(U 


An  expression  for  the  square  of  the  refractive  index  of  the  ionosphere 
was  derived  by  Sir  E.  V.  Appleton  in  the  1920's  and  is  given  as  (Appleton,  1932) 


n 


a 


=  1 


. Yr5 

*<i  -  X) 


4(1  -  Xf 


where 

X  =  (Ne3  j/^TT^mf3) 
YL  =  Y  cos  a 
Yr  =  Y  sin  a 
Y  =  (u,H,,)/(2rTmf) 


This  equation  includes  the  effects  of  the  earth's  magnetic  field,  but 
neglects  the  effects  of  the  collision  between  particles. 

Assuming  the  quasilongitudinal  approximation  (Sudden,  1961),  the 
Appleton-Hartree  equations  becomes 


^  =  l  -  X  (— y — )  i<5r  of  refraction  and 

2  /  3  .  t  1  \ 

n,  -  »,  »  1  *  X  ^  ^  y^  /  ^or  Src>uP  t«dex  of  refraction 


£  or  £  >  40  MHa,  and  Y{,  ''SI,  the  terms  1/(1  Yt)  can  be  approximated 
by  a  series  expansion,  so  that  the  square  of  the  refractive  index  becomes 


sJ»UX»X  Yt  +  X  Yt 


(2) 


r‘or  nj  *1.  an  equation  for  the  refractive  index  is  obtained  from  equation 
(2)  by  the  binomial  expansion  and  is  given  as 


V  i  *  T*  t 


X 


XY,  X3  XY,3  r 

-T-  *  *j*  * 


(*> 


Substituting  the  physical  constants  for  X  and  Yt,  equation  (3)  becomes 

e3  fel  i 

ns(r,r,  0)  =  U  2(2TT)atueai-  N(r,  T,  0)+  N(r'  r#  H  (r'  f* coa 

*  3{2TTfm57f?  N3(r'  r,0,+  W(r#  r'0)H3  r*6)  co*3a 


«■  terms  of  the  order  of^j-  and  higher. 


(4) 


In  MKS  units  this  may  be  re  -  written  as 

n,  (r,  1,9)  =  1  +p-  N(r,  r,0)+  Jr  N(r,  r,9)H(r,  r,8)cosa  + 

N3(r,  J\0)  +  ~-N(r,  r.0)Ha(r,r,9)  cos3a  +  .... 

where  A  =  40.  365,  B  =  1.4200  *  106,  C  =  8.  146  5  *  1G3,  D  =  4.9952  *  1G10 


Substituting  equation  4  into  equation  1  and  letting 

Lo(t)  =  J  ds 

J  I 

L-Jt)  S  A  J  N{r.  r,0)d« 

P 

I^(t)=+BJ,  N(r,  r,0)H(r,  T.O)  cos  ads 
and 

La(t)  =  Cj  a  N3  ( r ,  T, 0  jds  +  O  N(r.  r,0)H3(r,  T,9)  cosaa  ds 

*  r.]  9^3  ’  j  -C9)ds] 

*  • 


the  expression  for  the  electromagnetic  path  length  becomes 


U t)  a  to(6)  + 


1 

itH  J  L*(t) 


(5) 


now  Let  us  define  Lg  =  j  da 

Lx  =1.  N(r,  r,8)da 

i-a  s  j  t  N(r,  f,Q)H(r,  f,  9)  cos  a  ds 

L,  a  J4  N3(  r,  r,Q)ds 

L4  a  j  N(r,  ft  0}Hs(r,  r,  8)  cos5  a  ds 

Lq  is  the  geometric  straight  line  path  in  the  absence  of  the  ionosphere. 

The  remaining  terms  represent  the  ionospheric  contribution  to  the 
group  propagation  path  as  follows: 

Lx  is  the  first  order  term  neglecting  magnetic  field 
Lg  is  the  first  order  term  correcting  for  magnetic  field  effects 
is  the  second  order  ionospheric  term 
L4  is  the  second  order  term  with  magnetic  field 

Therefore, 

C(t}  =  L3*"pLx+.  p'La+^Ls^-'p;  L4  .  (6) 

but  by  the  mean  value  theorem 

r  <* 

La  «]  N(r.  T,8)H(r.  r.9)  cos  a  ds  =  M  i  N( c.  T,  0  )ds  =  Mi* 

i*  f* 

L*  a  I  N(r.  r,  8 }ri3(r,  r.S)cos3a  ds  =  M*J  N(f.  f.8)ds  =  M  L* 

where  M‘£Ma 

and  as  shown  in  Appendix  A 


where  N,  *  maximum  electron  density  along  the  path 
of  integration 


a-* 


Substituting  in  Equation  6 
G(t)  3  4,  +  p  L*  +  -p  MIn 


=  Lo 


JO.  365  . 

*  f  ^ 


C  D 

+  7*  ♦  zn,  *  -pr  M’  4 

3,5*.79i  10*  M  40.  364  ..  1.?375  *  10®m' 

- j -  +  — -  N.  + - p - 


In  order  to  investigate  the  maximum  and  minimum  effect  of  the  higher 
order  terms,  we  will  assume  the  extreme  values  of  M,  N,  and  M'  to  be 
as  follows; 

I*  M»40  ampere-turns  (corresponds  to  H»  .  5  gauss) 

N,3*  5  *  IQ12  electrons /m3  (corresponds  to  fgFZsuO  Mils) 
M'sM3  =  1600  (ampere- turns  f 


minimum 


M  •=  40  ampere-turns  (corresponds  to  H=.5  gauss) 
Nt  =  1  *  IQ12 electrons /m3  (corresponds  to  l^,F2  =  3  MHz) 
M'^M3  =  1600  (ampe re- turns  f 


The  refore 


„  ,  „  40.  3*5  _  /.  1.4072*  !  u3  lot.  456  *  lO1’  i.  53  *  I0t3\ 

G(t)  *  Eo  +-p - Nr  (u  - 7 - - - ? -  ♦  r - j 


L  r  £* 

\ 

Now  from  ( l ) 

L(t)  =  G(t)  T  AN  where  AL  is  the  bending  correction 
therefore 

L(t)  *  U,  N,  »  3(f))  r  Ah....  (V 


The  maximum  and  minimum  values  of  §  for  various  frequencies  f 
are  listed  ia  Table  1 

163.  436  i  l#3j 


where  0{f)  *  l  *  - 


1.4072  ,  10d 
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TABLE  1:  Ionospheric  propagation  correction  to  group  path  length 
0  vs.  t 

Maximum  Values 

f(MIIs)  30  100  140  ZOO  300  600  ~)00  1200  1600* 

_ 1.  053  1.006  1.003  .  908  .  998  .999  .  999  .  999  .999 

^  l-  110  1.  034  1.020  1.012  1.00?  1.003  1.  002  i.  001  1.  001 


Minimum  Values 


f(MHs)|  50  100 


1  974  .  986 


1.  031  1.  015 


140 

200 

300 

.990 

.  993 

.  995 

1.  010 

1.  007 

1.  005 

1200  1600 


. 999  .999 


1.  001  1.001 


hiote:  9f  correspond  to  the  +  sign  in  the  expression  for  8. 

The  +•  sign  stands  for  different  propagation  modes  (ordinary 
or  extraordinary)  depending  on  wave  polarization. 


In  Equation  1  &L  is  a  function  of  elevation  angle.  maximUi 
the  horizon 


sing  toward 


4L»A 


I*  f* 

‘Here  ^  =  J  d*  -  ds 

40.  365/  f  -  \  40.365 

^  -  - - [  Js.Nds  -  ,  :4ds)  =s  — ps - .  A0N% 

.  _  1.421  106  /  r  P  \ 

03  "  z  £  l  j.  MH  cos  a  da  -  NH  cos  a  as) 


1.  42  i  l  O'9  M 


(I,  «■“  ■  I.  H  £  4,  s. 


x.  * _  r  ..a.  \  s. u6s,  to2 


8.  1465  10s  „ 


2  Kb> 


?  i3  cos2 a  ds  -j  ^NH3coa3a dsj 


4.9952  ,  10  l0/r 
*  - - F -  (j^H' 

4.  9952  *  lO10  .  .  /  f  ,  f  ,  \ 
-  “  M  ^  J^Nds  -  J^Ndsj 


A*  * 


f4 

4.  9952,  1c10 


m‘  n.a0 


hence 


..  ^  .  40.  365N, 

Ai-  <  A0  4-  — 3 - - 


1.  42*1 0s  .  ... 

Ao  x  -p  MN,  Ac  4 


1.6293,10°  2 


n:  Ao 


4.  9952, 1 010  .  . 


For  maximum  effect  we  will  assume 

N,  -  *lO*3e/m3 
M  -  40  ampere  turns 
M' =  1600  (amp  turns  J3 


tnereio 


.  /.  16 1 . 456, 10*  8  227.2  ,  1013  66?7,lOa*\ 

tore.  &L  *  &c + - p - —  +  - p - 4- - p - y 


Wow  L(t)=Lo  4  — 3(f)  4  A0  4  A^v  (O 


where  y  (f) 


C 

lol.  456*lQia  227.2..,  IQ1*  6677  UO34 


iJ  -  r  F 

and  Y(f)  represents  the  frequency  dependence  of  the  bending  correction. 


The  maximum  and  minimum  values  of  y  versus  f  can  U«  obtained  from 
Table  1  as  YCf)  »  0(f)  — *  B(£) 

t 


therefore,  L(t)  >4^*  -  £{£)  W.+W, 


(8) 


Who vo  =  J  tts  =  straight  lino  distance  between  observer  and  satellite 

f  f 

to  -  j  ds  -  J  dt»  »  difference  between  refracted  path  and  straigh 

line  distance 

(the  degree  of  bending  depends  on  the 
ionospheric  conditions,  frequency,  and 
elevation  angle) 


£(f)  s  correction  factor  to  group  path  due  to  high  order  terms 
in  expansion  o i  Appleton- Hartree  equation  for  index  of 
refraction 

(It  depends  on  maximum  electron  density  along  the  straight 
line  path,  magnetic  field,  and  frequency  of  transmission) 

,  .  3.  5l79*lO*M  40.  364  N.  +  1.  2375*lQ*Ma 

and  £(f)  =  1  +  - - -  + - * - ■*— p - 

1,  4072*  10s  1 6 3 .  436*10* 3 

^  +  - - -  + - a - 


Y(f)  -  frequency  dependent  correction  factor  for  the  bending 
correction  to  a  straight  line  group  path 


and  '•(f )  as 


(It  depends  on  maximum  electron  density  along 
straight  line  path,  magnetic  ficiu,  aud  frequency) 

16  1 . 436* 1 0^ a  227.2*lOl#  6C77U03* 

±  i-3  +  ”  A 


to  mu»i  be  determined  by  ray  tracing;  it  depends  on  frequency  and 
ionospheric  conditions 

/An  order  of  magnitude  effect  for  a  thick  ionosphere  at  1«aQ  M.Hs 
and  at  5*  elevation  ang’a  is  &}a50m 
t0  -  0  as  £1  -  90*  and 
to  -  0  as  i  -*«  j 


Glossary 


G(t) 

H 

L(t) 

N(r,  f,9)  = 
N  = 

Nr 

N, 

c  = 

£  3 

t  = 

m  = 

n(r.  T,9)  = 
S 

ja 
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r 

a 

4L 

% 
r . 

u« 
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geometric  path  length  (straight  line) 

earth's  magnetic  field  intensity 

minimum  group  path  length 

electron  concentration 

electron  concentration 

total  electron  content 

maximum  electron  content 

velocity  of  light 

electronic  charge 

wave  frequency 

electronic  mass 

refractive  index  of  ionosphere 

phase  index  of  refraction 

group  index  of  refraction 

radial  distance  to  differential  element 

angle  between  earth's  magnetic  field 
vector  and  ray  path 

bending  correction 

dielectric  constant  os  free  space 

geocentric  latitude 

permeability  of  free  space 

geocentric  longitude 


APPENDIX  C 


Transmission  Times  for  Ionospheric  Predictions 

To  determine  the  transmission  time  I or  the  ionospheric  predictions, 
consider  first  what  the  maximum  acceptable  error  for  the  desired  data 
type  is;  £or  either  vertical  electron  content  or  group  delay  and  the  height 
at  the  maximum  electron  density  or  for  the  angular  electron  content  or 
group  delay  for  which  no  height  information  is  required.  Using  Table  l 
the  number  of  bits  are  determined  required  for  the  ionospheric  data  of 
specified  accuracy  at  each  location. 

From  Table  2,  the  earth  central  angle  corresponding  to  the  lowest 
elevation  angle  to  the  satellite  can  be  extracted.  If  each  satellite  transmits 
the  ionospheric  data  for  its  own  region,  the  second  column  yields  the  desired 
central  angle.  In  this  mode  angular  group  delay  is  preferable  as  data  type. 

If  not  all  satellites  transmit  their  own  data,  the  user  has  to  get  enough 
data  from  just  one  satellite  to  cover  the  whole  region  visible  from  his  sight. 
For  the  lowest  elevation  of  the  highest  elevation  satellite  transmitting 
ionospheric  data,  columns  3  ar.d  •»  give  the  corresponding  central  angles 
for  users  cutting  off  at  5  and  2  degrees  of  elevation.  For  this  case  it  is 
advantageous  to  choose  the  ionospheric  data  .*s  vertical  group  delay  and 
height. 

Having  determined  the  number  of  bits  required  for  each  point  and  the 
central  angle  from  the  satellite  to  which  data  is  needed.  Tables  3a-f  give 
the  transmission  times  for  a  choice  of  the  point  densities  of  5.  7,  and  10 
degrees  central  angle.  Columns  3-- 5  list  the  total  transmission  time. 
Columns  7-9  give  transmission  times  for  an  alternate  approach  where  the 
user  with  low  accuracy  requirements  can  pick  up  a  less  dense  prediction 
pattern  during  the  first  part  of  the  transmission  period,  and  columns  11-13 
give  the  additional  times  for  users  with  high  accuracy  requ  iretmmts  to 
fill  in  the  remaining  data  during  the  second  part  ci  the  transmission  interval. 
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Accuracies  lt»  Ionospheric  Predictions  Obtained  from  Grid  Patter n  interpolation 

A  number  of  tost  cases  wore  set  up  to  determine  the  average  .and  the 
maximum  errors  encountered  when  interpolating  predictions  at  the  points 
oi  ?.  grid  pattern  around  a  central  location  to  obtain  the  values  at  the 
intermediate  positions.  The  date  was  chosen  as  August  1968  for  high 
solar  activity  near  the  peak  of  the  sunspot  cycle.  The  central  locations 
were  chosen  as  A,  B,  and  C  as  shown  In  Figure  l  so  that  the  three  test 
areas  covered  different  regions  of  the  ionosphere  capturing  the  rapid 
changes  of  the  equatorial  anomaly  for  testing  maximum  position  errors, 
and  the  sunrise  effect  for  testing  maximum  time  errors  and  enclosing  a 
less  disturbed  area  in  the  mid  latitudes  for  average  position  and  time  errors. 
The  areas  are  defined  by  a  circle  of  21*  in  earth  central  angle  around  the 
location  A,  B,  and  C.  The  predictions  were  computed  for  three  conditions 
at  points  evenly  spaced  at  5,  7,  and  10  degree  intervals  of  central  angle 
and  azimuth. 

These  predictions  were  interpolated  to  points  which,  were  offset  in 
central  angle  and  azimuth  from  the  original  grid  pattern  by  u,  •/  and 
the  size  of  the  grid  interval.  The  l/a  grid  size  offset,  as  shown  in  Figure  2, 
results  in  maximum  errors  due  to  position,  the  offset  in  average  errors, 
while  nu  offset  eliminates  position  errors.  Another  contribution  to  errors 
comes  from  time  discrepancies.  Assuming  that  the  ionospheric  data  is 
valid  for  a  time  l/3  transmission  interval  ahead  of  the  actual  transmission 
time,  and  choosing  a  transmission  interval  of  l  hour,  the  maximum  errors 
are  due  to  time  discrepancies  of  V3  hour  and  average  errors  due  to  hour. 

Thus, the  predictions  were  interpolated  in  position  and  no  adjustments 
for  the  time  discrepancies  were  allowed.  The  resulting  values  were  compared 
compared  with  the  accurate  predictions  obtained  from  the  Bent  Model  for 
the  proper  time  and  locations.  Table  la.  shows  the  comparison  for  predictions 
of  vertical  group  delay  at  loOO  M.Hs,  Table  2a.  for  the  height  of  the  maximum 
electron  density.  The  tables  list  for  each  condition  the  range  of  the  predictions 
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ov«« f  the  grid  pattern  by  giving  minimum,  maximum,  and  mean  values. 

T'uo  errors  of  each  point  are  defined  as  the  deviation  of  the  interpolated 
value  from  the  prediction  computed  directly  for  that  point  and  time. 

Listed  are  the  RMS  values  of  the  errors  for  the  areas  around  A,  U,  and 
C,  the  percentage  of  the  RMS  error  to  the  mean  prediction,  the  largest 
absolute  error  incurred  at  any  one  point,  and  the  corresponding  percentage 
of  error  to  prediction  at  that  point.  It  is  seen  that  in  all  cases  the  errors 
due  to  time  exceed  the  errors  due  to  position. 

Tables  lb.  and  2b.  show  the  comparison  of  the  same  predicted  data 
with  values  that  were  interpolated  in  position  and  adjusted  for  the  time 
discrepancy  by  shifting  the  original  grid  pattern  at  a  rate  of  15  degrees 
per  hour  in  longitude.  The  time  errors  so  dominant  in  the  previous  case 
dropped  way  below  the  posit'on  errors.  To  approximately  match  position 
and  time  errors  another  test  was  performed  assuming  a  transmission 
interval  of  4  hours  with  maximum  time  discrepancies  of  2  hours.  Again, 
the  predictions  at  the  grid  points  were  interpolated  in  position  and  adjusted 
for  the  time  discrepancy  by  a  longitude  shift  of  th-  grid  along  the  magnetic- 
latitude  line  for  the  central  pc  The  results  are  shown  in  Tables  Ic.  and 
2c. 

The  results  in  Tables  1  and  2  list  as  errors  the  deviation  of  the  inter¬ 
polated  values  from  the  prediction'*.  However,  the  predictions  do  not  pro¬ 
perly  represent  the  ionospheric  variations,  and  to  obtain  the  total  errors 
expected  from  the  interpolation  technique,  the  errors  in  Tables  1  and  \ 

Have  to  be  combined  with  the  deviations  of  the  predicted  from  the  observed 
data.  Accuracy  data  for  the  predictions  was  available  from  comparisons  of 
the  Sent  model  results  with  Faraday  rotation  measurements  defining  the 
actual  group  delay.  To  show  average  errors  durtng  a  period  near  the  peak 
of  the  sunspot  cycle,  the  19- d  yearly  RMS  values  over  all  hours  w«re 
chosen  as  prediction  errors  at  locations  A  and  C.  and  over  two  hours  at 
sunrise  at  location  C.  To  present  some  maximum  possible  errors,  the 
monthly  RM3  values  for  one  hour  were  taken  as  prediction  errors,  selecting 
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tho  month  anti  hour  with  the  largest  errors  during  '968,  Since  the  accuracy 
data  was  not  available  for  the  exact  locations  A,  3,  and  C  and  tho  corres¬ 
ponding  grid  point,  the  data  from  near  stations  with  similar  typo  ionospheric 
variations  was  chosen.  The  combined  prediction  and  interpolation  RMS 
errors  are  listed  in  Table  3. 
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.Series  Representation  of  Ionospheric  Predictions 

The  problem  under  investigation  is  how  to  use  all  the  information 
available  from  the  Bent  Ionospheric  Model  and  come  up  with  a  smaller 
set  of  information  representing  the  ionospheric  predictions  to  sufficient 
accuracy.  The  first  approach  investigated  earlier  utilized  a  grid  pattern 
of  predictions  covering  an  area  around  a  central  location  and  linear  inter¬ 
polation  between  the  grid  points.  The  denser  the  grid  pattern,  the  higher 
was  the  accuracy  achieved. 

The  approach  taken  here  is  to  express  the  ionospheric  predictions  at 
a  fixed  time  over  a  selected  area  around  a  central  location  by  a  series 
representation.  The  series  expressing  the  prediction  p  is  developed  in  terms 
of  power  series  in  the  earth  central  angle  a  from  the  central  location  to  any 
point  of  the  selected  area,  and  in  terms  of  multiple  angle  trigonometric 
functions  of  the  azimuth  A. 

* 

P  =  )  d  £  (au  cosjA  +  bt  l  sinjA) 

l=a  .~3 

The  highest  power  in  a  is  a  and  the  largest  multiper  of  A  is  m.  The  total 
number  of  coefficients  a.  4  and  b, ;  is  l  =  (n+l)  (2m+l),  since  bt ,  always 
having  a  zero  multiplier  can  be  eliminated. 

The  coefficients  are  to  be  determined  from  ionospheric  predictions 
and  eorrespo?  iing  central  angle  and  azimuth  angle  data  for  points  covering 
the  selected  area.  The  equation  system  to  be  solved  for  the  coefficients  is, 

P*XC, 

where  P  is  the  matrix  of  ionospheric  predictions, 

C  is  the  matrix  of  coefficients,  and 
X  is  the  observation  matrix. 


S-t 


The  observation  matrix  contains  in  each  row  the  functions  in  central  angle 
ana  azimuth  by  which  the  coefficients  of  the  series  are  multiplied,  and  the 
information  from  each  point  is  placed  in  a  separate  row.  The  k's  row  is 
defined  by, (X^  X^g  ...  Xkl  )  ~ 


( 1  cos  A„  sin  Ay 

a„  c^cos  Aj  a^-sinA* 

QtJ  a’ cos  Ak  aksin  Ak 


cos2  Ak 
0*  CO s2  Ay 
£ cos2  A* 


sin2  A„. .  cos 
ak sin2  Ak .  -ak  cos 
eg  sin2  .  .ageos 


m  A*  sin  m  A* 
m.  A^  aksin  m  Ak 
m  Ak  c?fe3in  m  Ak 


a£cos  A*  ajjsinA*  djcos2Ak  ak  sin2  A„  •  .a£cos  m  Ak  f^in  m 


If  the  number  of  predictions  is  equal  to  the  number  of  coefficients,  an 
exact  solution  can  be  formed.  To  take  advantage  of  the  series  approximation 
approach  though,  the  number  of  predictions  should  be  quite  a  bit  larger 
than  the  number  of  coefficients  yielding  an  overdetermined  equation  system 
that  is  to  be  salved  using  a  linear  regression  technique.  The  small  amount 
of  resulting  coefficients  are  then  formed  from  a  large  data  base  of  predictions, 
and  thus  represent  the  predictions  over  the  whole  ot  the  selected  area  better. 
As  a  solution  technique,  the  least  square  adjustment  was  used,  minimizing 
the  sum  of  the  squared  deviations  from  the  fit.  Solving  for  the  coefficients 
yields  the  matrix  equation, 

C=(X'X)‘lXrP. 


A  number  of  tests  were  performed  in  which  coefficients  for  several 
combinations  of  m  and  «  were  determined  from  selected  grid  patterns  of 
predictions.  A  matching  set  of  predictions  for  the  same  patterns  were  then 
computed  by  the  series  approximation  utilizing  the  coefficients  to  demonstrate 
the  accuracy  of  the  method.  Predictions  for  patterns  offset  from  the  original 
grid  patterns  were  desermioed  by  the  series  approach  for  an  accuracy  compari¬ 
son  with  the  interpolation  technique  mentioned  ^.bove. 
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£-2 


The  date  for  the  tests  was  chosen  as  August  1968  for  high  solar  activity 
near  the  peak  of  the  sunspot  cycle.  The  central  locations  were  chosen  as 
A  and  D  as  showr  in  Figure  1  so  that  the  two  test  areas  covered  the  most 
varied  regions  in  the  ionosphere  by  capturing  the  effects  of  the  equatorial 
anomaly  and  the  sunrise.  The  area3  are  defined  by  a  circle  of  60  degrees 
in  earth  central  c.ngle  around  the  location  A  and  B  enclosing  large  ionospheric 
variations  from  -60  to  +  6C  degrees  in  latitude.  The  predictions  and  corre¬ 
sponding  central  and  aztmuth  angles  for  the  coefficient  determination  were 
generated  at  118  points  evenly  spaced  at  10  degree  intervals  of  central  angle 
and  azimuth  to  cover  tL«s  areas. 

Four  sets  of  coefficients  were  determined  for  each  of  the  areas  around 
A  and  B.  In  the  first  two  sets  equal  importance  was  placed  on  the  variation 
in  central  angle  and  azimuth,  setting  m=3  and  n=3  for  the  28  coefficient  case 
and  m=4,  n=4  for  the  45  coefficient  case.  A  higher  azimuth  multiplier  was 
allowed  in  the  44  coefficient  case  with  m = 5 ,  n*3,  and  a  higher  power  of  the 
central  angle  was  included  in  the  42  coefficient  case  with  m  =  3,  n=S. 

Ionospheric  predictions  were  then  computed  utilizing  the  coefficients  in  the 
series  approach,  and  the  results  are  presented  in  contour  maps  for  compari¬ 
son  with  the  original  predictions.  The  118  point  pattern  is  overiayed  by  the 
contour  lines  of  the  ionospheric  predictions  of  vertical  group  delay  at  loOO  MKs 
in  units  of  nanoseconds.  Figures  2a  and  3a  represent  the  original  predictions 
in  the  areas  around  A  and  B  respectively;  Figure*  2b-e  show  tile  contour  maps 
around  a  and  Figures  3b- 3  around  B  obtained  from  the?  different  coefficient 
sets.  The  results  from  ail  cases  of  the  coefficient  method  visibly  approach 
the  general  pattern  of  the  original  predictions.  However,  the  results  from 
the  coefficient  approach  do  not  extend  to  the  highest  values  of  the  original 
predictions,  and  they  tend  to  approximate  oblong  contour  lines  by  more 
circular  ones.  The  improvement  in  the  estimates  resulting  from  the  increase 
in  the  number  of  coeffi -.teats  from  28  to  45  can  be  clearly  noted.  The  higher 
power  of  the  central  angle  does  not  a««m  to  improve  the  fit.  but  the  larger 
multiplier  of  the  azimuth  angle  causes  a  better  match  of  the  oblong  contour  lines 


E-J 


The  condition  of  the  sunrise  around  location  13  is  better  matched  by 
the  scries  technique  than  the  condition  of  the  equatorial  anomaly  around  A. 

To  clarify  the  regions  just  around  A  and  B,  the  center  of  Figures  2c  ar:d  3c 
were  enlarged  to  show  the  detailed  contour  maps  from  0  to  20  degrees  in 
central  angle.  Figure  5,  the  enlargement  for  location  13,  docs  not  show 
much  change  from  Figure  3c;  but  Figure  4.  the  map  around  A,  shows  a 
great  amount  of  variation  not  visible  in  Figure  2c.  The  coefficients  apparently 
fit  very  badly  right  around  A  ana  v*lu«»  from  2  to  24  appear  where  the  original 
predictions  ranged  from  12  to  13.  Looking  further  into  this  case  might  yield 
a  modified  approach  that  eliminates  this  particular  problsm. 

By  utilizing  the  coefficients  in  the  series  approach  as  well  as  by  inter¬ 
polating  between  the  original  values  at  the  113  points,  ionospheric  predictions 
were  computed  for  117  points  offset  from  the  original  grid  pattern  by  5,  2.5, 
and  0  degrees  in  central  angle  as  well  as  in  azimuth.  The  5  degree  position 
offset  in  the  10  degree  grid  results  in  maximum  errors,  the  2.  5  degree  offset 
in  average  errors,  while  no  onset  gives  the  best  possible  results.  Tables  la 
a nn  c  show  the  comparison  for  predictions  of  vertical  group  delay  at  ibOO  MHz 
and  Tables  2a  and  b  for  the  height  of  the  maximum  electron  density.  The 
interpolation  method  requires  use  of  118  numbers  while  the  series  method  only 
uses  2S  numbers  in  the  first  case  and  45,  42  and  44  numbers  in  the  following 
eases.  The  tables  list  for  each  condition  the  range  of  the  prediction  over 
the  117  point  grid  pattern  by  giving  minimum,  maximum  and  mean  values. 

The  errors  at  each  point  are  defined  as  the  deviation  of  the  interpolated  value 
or  of  the  coefficient  obtained  value  from  the  prediction  computed  directly 
for  that  point  using  the  Bent  Model.  Listed  are  the  RMS  values  of  the  errors 
for  the  areas  around  A  and  B,  the  percentage  of  the  RMS  error  to  the  mean 
prediction,  the  largest  absolute  error  incurred  at  any  one  point,  and  the 
corresponding  percentage  of  error  to  prediction  at  that  point. 

For  location  A  the  coefficient  method  yielded  the  lowest  RMS  error# 
in  vertical  group  delay  for  the  eaic  n*4.  m*4.  and  for  location  IS  foe  the 
combination  a»3,  m*$  with  more  variation  in  azimuth  than  in  central  angle. 


Tho  RMS  percent  errors  for  the  different  cases  of  the  coefficient  method 
are  between  91'$  and  225,«  larger  than  those  obtained  from  the  interpolation 
method  and  while  the  maximum  error  for  any  one  case  is  up  to  4.  3  times 
as  large  as  the  RMS  value  for  the  interpolation  method,  it  is  up  to  6.  5 
times  as  large  as  the  RMS  for  the  coefficient  technique.  This  indicates  that 
overall  She  coefficient  method  might  yield  acceptable  errors,  but  yet  the 
values  at  a  few  individual  points  might  still  have  unreasonably  large  errors. 
Coni  pi  id  son  of  Figure  4  and  Figure  2a  shows  such  a  problem  area  of  bad 
estimates  right  around  location  A.  Further  investigations  of  the  choice  of 
coefficients  and  of  grid  variation  with  laifcude  and  longitude  rather  than 
central  angle  and  azimuth  are  desired  to  find  the  best  conditions  for  the 
coefficient  me-hod. 

The  problem  of  the  choice  of  coefficients  was  carried  one  step  further. 
To  estimate  the  importance  of  each  coefficient  in  the  series  approach,  the 
correlation  coefficients  were  computed  between,  all  possible  combinations 
of  columns  fer  the  observation  matrix  X.  If  a.  and  yt  are  the  elements 
of  two  different  <*  mns  in  X,  and  k  is  the  number  of  rows  m  X,  then 
the  working  eqt>..uon  for  the  correlation  coefficient  r  for  these  two  columns 


evaluating  the  case  with  43  coefficients,  ms 4.  «s4,  the  resulting  correlation 

coefficients  between  any  two  columns  clearly  separated  into  two  ? roups; 

* 

where  the-  first  group  showed  no  correlation  wish  .  00  s,  r  .  0?  »nd  the 
second  group  showed  a  sdgh  degree  of  correlation  with  .72  ft  r  &  . 

Looking  as  the  individual  terms  ir.  the  observation  matrix,  it  was  found 
that  al.  contributions  where  highly  correlated  with  a,  nnd  all  contrioutions 


a1  cos  j  A  and  a‘  sin  j  A  where  highly  correlated  with  cos  j  A  and  sin  j  A 
respectively.  Since  the  correlations  were  smaller  than  l,  but  close  to  1, 
the  corresponding  coefficients  add  some,  but  little, to  the  estimate  of  the 
ionospheric  predictions.  Eliminating  all  correlated  coefficients  the  scries 
was  modified  to  be, 

• 

p  =  aoo  +  a10a  (a^cos  j  A  b0J  sin  j  A). 

J  =  i 

The  test  case  of  45  coefficients  reduced  to  10  coefficients  with  m=4,  n=L. 
The  coefficients  were  determined  based  on  the  same  data  as  all  other  test 
cases  and  the  estimates  obtained  from  the  modified  series  approach  using 
the  new  coefficients  were  compared  with  the  original  predictions.  The 
results  are  listed  in  Tables  lb  and  2b.  The  errors  for  the  10  coefficient 
cases  are  not  too  much  larger  than  those  for  the  45  coefficient  cases; 
however,  it  is  seen  that  the  35  eliminated  coefficients  contribute  some 
amount  to  the  .«np  rove  meats  of  the  estimates. 

To  refine  the  series  approach  of  estimating  ionospheric  predictions 
further  investigation  in  several  areas  is  mcessary.  The  proper  density  of 
points  used  for  the  computation  of  the  coefficients  should  be  determined 
to  allow  as  much  accuracy  as  possible,  but  to  avoid  unnecessary  detail 
that  cannot  be  absorbed  into  the.  coefficients.  Different  grid  coordinates 
for  the  point  patterns  should  be  checked  out:  a  latitude- longitude  grid  could 
replace  the  central  angle- azimuth  grid.  Modified  series  and  various 
combinations  of  terms  should  be  further  .vaiuated  to  come  up  with  only  a 
tew  coefficients  of  the  b«ct  combination  that  yield  small  overall  errors 
and  also  reduce  the  maximum  errors. 
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APPENDIX  F 


Accuracies  in  Group  Delay  Predictions  Obtained  by  Use  of  tin-  Gradient 
Method 

The  purpose  ot'  this  study  is  to  evaluate  the  accuracy  of  the  gradient 
method  for  predicting  group  delay.  Using  a  center  point  value  of  group 
delay  along  with  the  corresponding  gradient  magnitude  and  direction, 
values  of  group  delay  at  any  point  within  a  (1500  km)3  block  around  the 
center  are  estimated.  Since  the  gradient  expresses  the  change  in  group 
delay  around  the  center,  this  method  allows  estimates  to  be  made  over 
a  relatively  large  area  based  on  data  at  the  center  point  alone. 

To  form  the  data  base  for  this  test  a  world  map  of  contours  of  equal 
group  delay  for  different  magnetic  latitudes  and  longitudes  was  plotted 
(Figure  1).  This  plot  was  done  using  the  Bent  Ionospheric  Model  to  estimate 
the  group  delays  occurring  on  21  March  1970  at  0  hours  universal  time. 

Based  on  this  map,  33  blocks  containing  (1500  km)3  each  were  constructed. 
The  test  blocks  were  chosen  so  that  areas  of  most  interest  and  variability 
would  be  included.  Twenty  four  blocks  were  centered  around  the  equator 
so  that  the  accuracy  of  this  method  could  be  studied  in  the  presence  of  the 
equatorial  anomaly,  and  nine  blocks  were  centered  around  a  latitude  of 
-20.  25  degrees. 

The  gradient  method  for  calculating  group  delay  for  a  grid  of  points 
can  be  summarised  as  follows:  Input  data  consist  of  the  group  delay  at  the 
cents*  of  the  grid,  the  gradient  value  of  the  contours  of  group  delay  at 
the  center,  and  the  azimuth  defining  the  direction  of  this  gradient.  Using 
the  magnetic  latitudes  and  longitudes  at  the  center  point  as  well  as  at  the 
point  for  which  an  estimate  of  group  delay  is  to  be  made,  the  central  earth 
angle  and  the  azimuth  between  the  center  point  of  the  grid  and  any  specified 
other  point  are  computed.  The  straight  line  dut^nce  'torn  the  center  point 
to  the  point  for  which  the  group  delay  is  to  be  calculated  is  computed  by  the 
formula 

d  «  2  R.  sin  , 

where  It,  is  the  radius  of  the  earth  and  a  is  the  central  earth  angle  between 


the  center  point  of  the  grid  to  the  point  /or  which  the  group  delay  is  to  be 
calculated. 

Figure  2  illustrates  the  geometry  of  the  test  blocks.  For  this  test 
a  5  x  5  grid  o/  points  is  used. 

The  distance  p  between  the  center  point  and  the  projection  of  the  da  a 
point  onto  the  gradient  vector  is  calculated  by 

p  =  |  d  cos  (AZj  -  AZp)(  , 

where  AZ^  is  the  azimuth  of  the  gradient  vector  and  AZp  is  the  azimuth 
to  the  point  for  which  the  group  delay  is  to  be  calculated. 

The  group  delay  at  any  given  point  may  be  calculated  from  the  group 
delay  at  the  center  and  the  correction  factor 

A  =  p  *  Grad, 

where  Grad  is  the  value  of  the  gradient  at  the  center  point. 

A  value  of  group  delay  tor  each  of  the  2b  points  of  the  grid  is  then 
calculated  using 

GDj  =  GDe  +  A, 

where  GDP  is  the  group  delay  for  each  point  and  GDe  is  the  group  delay 
at  the  center  point. 

Table.  1  is  a  summary  of  the  results  of  this  study.  Data  given  for 
each  block  include  the  magnetic  latitude  and  longitude  for  the  center 
point,  the  mean  of  the  predictions  estimated  by  the  Bent  Model  for  the 
25  points  in  the  block,  and  the  maximum  predicted  group  delay  for  the  block. 
Also  included  is  a  summary  of  the  er  ‘ors  which  are  the  differences  between 
the  values  of  group  delay  obtained  by  the  gradient  method  and  the  basic 
predictions.  A  root-mean- square  of  these  differences  is  listed  for  each 
block  as  well  as  the  maximum  absolute  difference.  Values  for  the  above 
statistics  are  also  computed  over  all  blocks  and  these  values  are  listed 
at  the  bottom  of  the  table. 


The  overall  RMS  error  in  the  gradient  method  is  listed  in  Table  l 
as  2.6  nanoseconds  which  is  about  12%  of  the  mean  prediction  computed  as 
21.5  nsec.  For  79%  of  the  individual  blocks,  however,  the  RMS  errors 
are  bclcw  this  overall  RMS  value,  and  for  only  a  few  blocks  the  overall 
RMS  error  is  greatly  exceeded.  Upon  examination  it  ,!s  noted  that  blocks 
5,  8,  and  23  have  very  large  maximum  absolute  errors  as  well  as  large 
RMS  values.  Referring  to  Figure  1  it  may  be  seen  that  the  configuration 
of  the  contours  of  group  delay  for  these  blocks  makes  it  very  difficult  to 
compute  one  estimate  of  the  gradient  that  can  be  used  to  satisfactorily 
estimate  group  delay  for  all  the  points  in  the  block.  By  paying  special 
attention  to  such  blocks,  estimates  of  the  gradients  could  he  found  that 
will  result  in  more  accurate  predictions  of  group  delay  and  hence  a  reduction 
in  the  individual  residual  RMS.  It  is  possible  that  these  individual  residuals 
may  be  significantly  reduced  thereby  reducing  the  overall  residual  to 
around  2.  0  nanoseconds. 
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Grid  ot  Points  i or  which  Group  Delay  is  Calculated  Using 
the  Gradient  Method. 
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APPENDIX  G 


Accuracies  of  the;  Latitude- Longitude  Cro.ia  Line  Technique 

A  simple  technique  requiring  very  little  data  was  tested  for  producing 
world  wide  ionospheric  predictions.  The  basic  data  consists  of  values 
of  group  delay  along  one  magnetic  latitude  line,  the  magnetic  equator, 
and  along  one  magnetic  longitude  line  that  passes  through  the  moat  dense 
section  of  the  equatorial  anomaly.  The  values  along  the  two  cross  lines 
are  chosen  at  5  degree  spacing,  which  adds  up  to  a  total  of  107  numbers 
of  4  to  6  bits  depending  on  the  accuracy  desired  for  each  world  map  at 
a  fixed  time. 

To  generate  world  wide  data  from  these  values  of  group  delay  it 
is  assumed  that  the  ratios  of  the  value  at  any  given  magnetic  latitude 
to  the  value  at  the  equator  are  the  same  along  every  magnetic  longitude 
line.  Specifically,  these  ratios  are  equal  to  the  ratios  formed  for  the 
magnetic  longitude  line  ior  which  data  at  5  degree  spacing  is  available. 

The  condition  around  sunrise,  however,  does  not  follow  this  pattern;  here 

the  values  of  grotto  delay  are  about  the  same  at  all  latitudes  along  the 
same  magnetic  longitude  line.  Thus  in  tins  simple  cross  lino  technique, 

the  values  all  along  the  magnetic  longitude  line  just  belore  sunrise  are 
assumed  to  be  the  same  as  the  equatorial  value.  To  allow  for  a  smooth 
transition  between  this  and  the  proportionate  ratio  method,  the  results 
from  both  techniques  are  combined  using  linear  weighting  proportional 
to  the  respective  distances  for  75  degrees  in  magnetic  longitude  to  both 
sides  of  the  equal  value  longitude  line. 

In  all  three  test  cases  the  magnetic  longitude  line  through  the  equatorial 
anomaly  and  the  one  just  before  sunrise  were  fixed  at  the  same  distances 
from  the  edges  of  the  plots  that  are  "rotated  in  longitude  so  that  the  time 
dependent  pattern  appears  in  the  same  places.  The  4  hour  universal  time 
map  of  group  delay  ior  example  shows  the  magnetic  longitude  line  through 
the  equatorial  anomaly  at  20$  degrees  and  the  one  just  before  sunrise  at 
100  degrees.  Figure  la.  shows  the  map  wt.‘h  the  baste  group  delay  pre¬ 
dictions  ior  the  ilertt  Model.  The  magnetic  latitude  and  longitude  lines 
that  define  the  data  base  ior  the  cross  line  technique  are  drawn  in  and 


the  X  defines  the  location  of  the  equal  value  longitude  line.  The  contour 
map  resulting  from  the  cross  line  technique  is  presented  in  Figure  Lb. 
and  the  deviations  in  the  predictions  obtained  by  this  technique  from  the 
Bent  Model  values  are  plotted  in  Figure  lc.  Figures  la-c.  are  for 
4  hours  universal  time  on  21  March  1970,  Figures  2a-c.  and  3a-c.  are 
for  20  hours  or.  21  March  1970  and  21  June  1970  respectively.  Table  l 
gives  a  statistical  summary  of  the  results;  it  lists  for  each  teat  case  and 
for  various  magnetic  latitude  regions  the  mean  and  maximum  values  of  the 
Bent  Model  predictions  and  the  RMS  and  maximum  absolute  errors  in 
the  cross  line  teennique.  The  given  errors  include  only  the  deviation  from 
the  ba.?ic  prediction. 

In  Cases  1  and  3  fchi3  simple  model  estimates  on  the  average  67  and  58% 
of  the  basic  prediction  and  the  maximum  errors  are  1/3  and  1/2  of  the 
maximum  prediction,  reflecting  approximately  the  same  percentage  as  the 
average  figures  tor  each  case.  In  Case  2,  however,  only  25%  of  the  basic 
prediction  is  estimated  and  the  maximum  error  is  of  the  same  size  as  the 
maximum  prediction.  Upon  closer  examination  of  Figures  2a-c. ,  it  can 
be  seen  that  the  largest  errors  occur  around  80  degrees  magnetic  longitude. 
The  approximate  symmetry  axis  of  the  contours  does  not  completely  follow 
the  magnetic  equator,  and  this  causes  the  high  equatorial  group  delay  of 
30  nsec  at  80  degrees  longitude,  while  at  -35  degrees  where  the  longitude 
line  passes  through  the  most  dense  portion  of  the  equatorial  anomaly,  the 
equatorial  group  delay  is  only  24  nsec.  The  distortion  in  the  contour  pattern 
is  caused  by  the  /act  that  the  axes  of  the  map  are  the  simple  dipole  magnetic 
latitude  and  longitude.  The  true  magnetic  equator  would  follow  clos^ r  along 
the  actual  line  of  symmetry;  thus  if  an  axis  of  magnetic  dip  was  used  around 
the  eqtsator  instead  of  the  dipole  magnetic  latitude,  a  smaller  equatorial 
group  delay  would  result  at  80  degrees  longitude  and  the  large  errors  in 
Case  2  would  be  sharply  reduced.  Another  way  to  improve  the  results 
would  be  to  introduce  a  few  extra  data  values  along  a  longitude  line  through 
this  dense  portion,  at  roughly  HO  degrees  east  of  the  most  dense  part  of 
the  equatorial  anomaly. 
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It  appears  that  through  more  investigations  this  simple  technique 
could  be  somewhat  refined  that  it  would  yield  on  the  average  between  65 
and  80%  of  the  basic  predictions  for  any  fixed  time.  Time  errors  duo 
to  time  discrepancies,  interpolation  between  different  sets,  or  rotation 
of  the  maps  at  a  rate  of  15  degrees  in  longitude  per  hour,  as  well  as  the 
errors  in  the  basic  prediction  itself,  subtract  from  this  accuracy  figure. 

To  reduce  the  position  errors  even  further  another  approach  was 
considered  that  allows  cross  lines  to  be  used  for  each  of  a  number  of 
sections  of  the  world,  rather  than  selecting  one  set  of  cross  lines  for  the 
whole  world.  The  sections  are  30*  in  longitude  and  70*  in  latitude, 
reaching  south  from  50*  north  when  the  satellite  is  above  the  northern 
hemisphere,  and  north  from  50*  southwhenthe  satellite  is  south  o£;the 
equator.  With  a  number  of  satellites  transmitting  such  data  segments  all 
around  the  world  and  additional  data  transmission  for  the  polar  caps, 
complete  world  coverage  can  be  achieved.  Each  user  can  pick  up  3 
consecutive  data  segments  and  data  for  one  polar  cap  from  4  different 
satellites  to  cover  his  area  of  visibility.  The  data  for  the  polar  caps  can 
be  expressed  in  _  i.> ira  of  a  circular  grid  pattern,  the  data  for  all  the 
other  segments  can  be  expressed  t  v  the  data  values  along  two  cross  lines, 
one  being  the  magnetic  equator,  the  other  the  magnetic  longitude  along  the  left 
hand  side  of  the  block. 

Since  the  worldwide  group  delay  pattern  shows  much  symmetry  in  the 
magnetic  latitude-longitude  system  and  the  success  of  the  cross  line 
technique  as  well  as  the  time  rotation  is  dependent  on  this  symmetry, 
the  data  blocks  are  actually  defined  in  the  magnetic  system  as  shown  in 
Figure  4,  and  the  satellite  orbit  being  defined  in  the  geographic  system 
will  be  somewhat  offset  from  the  plotted  trace.  The  tests  performed  give 
the  expected  sire  of  the  errors  in  position.  The  results  for  blocks  both 
30*  and  60*  wide  in  longitude  are  summarised  for  21  March  1970  in 
Tables  2a-f  and  for  21  June  1970  in  Table*  3a-f.  Listed  are  the  block 
identification,  the  RMS  and  maximum  errors  along  with  the  mean  and 


C-J 


maximum  predictions  for  the  individual  blocks,  and  for  each  hour  error 
and  prediction  information  is  summarized  for  the  whole  world  between 
^50*  magnetic  latitude.  The  overall  RMS  error  in  group  delay  for  the 
30*  blocks  is  18%  of  tho  mean  prediction,  and  for  the  60*  blocks  this 
number  has  already  increased  to  26%.  Examining  the  individual  blocks 
often  shows  that  for  a  particular  hour  there  are  2  blocks  at  the  same 
longitude  north  and  south  for  which  the  RMS  errors  are  considerably 
larger  than  for  the  remaining  blocks.  These  large  errors  are  caused 
by  the  distortion  due  to  the  inaccurate  magnetic  equator,  as  can  be  seen 
between  30  and  60*  in  longitude  on  Figure  4  and  Table  2a.  By  introducing 
some  adjustment  for  the  distortion  it  is  expected  that  the  maximum 
possibLe  errors  are  reduced  and  that  an  overall  RMS  error  of  14%  of  the 
mean  prediction  can  be  achieved,  which  i.s  apparent  from,  errors  of  14, 

15,  and  13%  obtained  from  the  data  at  4,  8,  and  12  hours  universal  time 
when  the  effect  of  the  distortion  vs  relatively  small. 
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TABU  2a.  CAPARISON  Of  GROUP  O&'LAY  OBTAINED  BY  C^QSS  LING 
_ TE CH N I QU£  WITH  MODEL  PREDICTIONS  ON  21/  3/70 _ 


block  latitude  lqnbituce 

UT  SIZE  BLOC*  ST  A  ST  3fOP 


PREDICTION 

YEAN  max 


Q 

0 

30 

30 

NORTH 

NORTH 

G 

30 

25 

55 

18*34 

13*02 

31* 

32*' 

0 

30  NQfiTH 

6C 

85 

14*14 

28  •; 

0 

30 

north 

90 

115 

9*23 

2 1  •' 

0 

30 

north 

120 

145 

4.77 

S  •  i 

0  30  NgR?H 

0  30  NORTH 

_0 _ 3  Q  NORTH 

0  30  NORTH 

0  30  NgRtH 

0  30  NQRTW 

Q  30  WTH 

0  30  SOUTH 


0  30 

o _ 3q_ 

"b  20 

0  30 

0  30 

0  30 

0  30 


S9UTH_ 

"SOUTH 

SOUTH 

SOUTH 

"SOUTH" 

SOUTH 


175 

2C5 

235 

265 

295 

325 

355 

25 

_ 55 _ 

as 

115 

145 

7*5 - 

2C5 


7 

.47 

14 

.11 

1*41 

18 

*93 

3C 

.87 

*92 

27 

*3C 

35 

.63 

4  »q8 

30 

*91 

44 

.30 

2.75 

32 

•  14 

44 

.33 

1*77 

29 

*29 

42 

.06 

2.3Q 

21 

77r 

“35 

.53 

2.15”' 

17 

.45 

31 

.14 

3.20 

13 

.26 

32 

.61 

14.66 

a 

726“ 

“26 

•  82 

1 .45 

6 

.32 

16 

.14 

1.80 

4 

.01 

8 

.61 

.78 

n 

30 

SOUTH 

210  ?35 

23*66 

35.63 

3.66 

10.15 

0 

'  3b 

SOUTH 

2^Q  265 

2T74T) 

44 ,2C 

2*53 

7*87  ~  " 

0 

30 

SOUTH 

270  295 

29.77 

44*33 

1»74 

5 . 14 

0 

30 

south 

3cq  325 

26.7c 

42  .Q6 

2.89 

7.20 

Q 

JO 

SOUTH  33q~  355 

'"""20.02 

35.53 

2*48 

6.95 

0 

30 

overall 

STATISTICS 

13.22 

44.33 

4.?4 

39*52 

0 

60 

north 

0  55 

13.18 

32»6l 

11*59 

42*38 

0 

60 

north 

60  113 

11*69 

28.34 

2»52 

3  *  2o 

0 

’60 

NORTH" 

~~120  i75 

6  *  l2 

14.11 

1*24 

5*69 

a 

60 

NORTH 

13Q  235 

23.12 

35.63 

4  •  4  1 

14.05 

0 

60 

NORTH 

24q  295 

31*52 

44.33 

3  •  35 

9*34 

0 

""60  " 

n'o^th 

SCO  “355 

23*50 

42  .  Co 

2.77 

6.42 

0 

60 

south 

0  55 

15*36 

32.  el 

13.28 

42  *  83 

0 

60 

SOUTH 

60  115 

7,25 

26.82 

2.21 

8.20 

G 

60  SOUTH 

1 2  0  175 

"  5.51 

14*11 

1.25 

5.69 

c 

60 

SOUTH 

180  235 

21*83 

35.63 

3*86 

14.05 

0 

6Q 

SOUTH 

240  255 

?3*13 

44,33 

3*67 

9.34 

G 

60 

SOUTH 

3C0  355~ 

23*3e" 

42  *  C6 

2*eo 

7*20 

0 

60 

OVERALL 

STATISTICS 

13*22 

44*33 

5.81 

42*83 

ERROR 
RMS  MAX 

3*S6  11*17 
14,34  39*52 
2  •  12  5  *53 
1*90  4*77 

*72  1*64 

1*41  4*35 

*92  4*25 


7.87 

5*14 

_6_*_42_ 

"6*  SB” 


5*31 

4*77 

1*73 

"2V6T 

4*25 
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table  2t»  comparison  er  group  delay  obtained  by  cross  line 
_ TECHN IQUE _UJ TH  HflOEL  PRECICTIONS  ON  21/  3/7C _ 


OUOCK 

LATITUDE  LSNGITUCE 

PREDICTION 

EflpOR. 

UT 

size 

BL0CK 

start 

STOP 

MEAN 

MAX 

RMS 

max  . 

4 

30 

nqrth 

0 

25 

14.46 

27. C4 

2*10 

8.12 

4 

3.0 _ 

north 

30 

55 

9.47 

18.  C6 

3*60 

9»7  C 

4 

30 

nqrth 

6q 

35 

5. 1C 

9.74 

1*C0 

2*13 

4 

30 

NQRTH 

30 

115 

6.44 

13.65 

2*90 

3.75 

4 

30 

nqrth 

12a 

145 

16*98 

28.79 

1*90 

5»58 

4 

30 

NQRTH 

iso 

175 

25*64 

4C  *  22 

4.71 

lH»65 

4 

3C 

NQRTH 

ISO 

2C5 

29  *94 

47 . 5o 

•ss 

2*82 

4 

30 

NQRTH 

210 

235 

30*7? 

45.19 

2.97 

9.32 

4 

30 

NQRTH 

240 

265 

27.67 

39.56 

1*81 

4»ii 

4 

30 

NQRTH 

270 

295 

21.77 

37.86 

2*63 

8.76 

4 

30 

nqrth 

3CQ 

325 

17.76 

32.67 

1.54 

4.64 

4 

30 

nqrth 

33a 

355 

14.31 

27.2a 

2*45  7.64 

4 

30 

squth 

0 

25 

13*28 

27. C4 

2.15 

8*12 

4 

30 

SQUTH 

30 

55 

7.24 

13.  C6 

3.64 

9.70 

4 

30 

SQUTH 

6q 

35 

3*57  9.74 

".87 

3*02 

4 

30 

SQUTH 

90 

115 

6.93 

13*65 

1*66 

6.85 

4 

30 

SQUTH 

120 

145 

13.45 

2S  .79 

1*62 

5.58 

4 

3"a 

'squth 

i^a 

175  ’ 

25.37' 

4C*22 

4*01 

12.65 

4 

30 

SQUTH 

180 

2C5 

29.31 

47 .5*0 

•  79 

2.5o 

4 

30 

SQUTH 

210 

225 

29*96 

45.19 

3. 34 

9.32 

4 

30 

squth 

240 

265 

27.03 

39.56 

1*51 

4  •  C6 

4 

30 

SQUTH 

270 

295 

21  »5't 

37.26 

2*35 

S.76 

4 

30 

SOUTH 

3C0 

325 

16*75 

32.67 

1*73 

4.64 

4 

30 

SQUTH 

'  "33q 

355 

13.3c 

"27.23 

2*55 

"7*64 

4 

30 

9VERALL 

STATISTICS 

13*08 

47.5C 

2-5C 

12*65 

4 

60 

nqrth 

a 

S3 

11  .96 

27.04 

6.73 

21*54 

4 

£q 

north 

6g 

115 

5.77 

13.65 

1.56 

6.63 

4 

nqrth 

120 

~1 7  5 

“  2'i  *  3*1 

4c»22 

6.32 

19*42 

4 

$o 

nqrth 

1^0 

235 

30*33 

47 . 5q 

2*53 

10*16 

4 

60 

nqrth 

24q 

225 

24  »7H 

3S*56 

2*63 

9*58 

4 

60 

~NQRtH 

3C0 

355 

16  *  03 

32  *  67 

2*32  7.2? 

4 

6q 

SQUTH 

0 

55 

10*26 

27.04 

7.31 

21*54 

4 

60 

SOUTH 

6q 

115 

5.2S 

13 .65 

2.49 

7*02 

4 

6o 

SQUTH 

120  ~ 

1 75 

21.9'i 

4C*22 

5*56 

19*42 

4 

60 

SQUTH 

ISO 

225 

29.33 

47,50 

2.59 

10.16 

4 

6Q 

SQUTH 

24q 

235 

?4.3t 

39.56 

3*33 

9.53 

4 

6q 

SQUTH 

3C0”" 

355 

13*27  32*67 

2*43  7.27 

4 

60 

QVERaLL 

STATISTICS 

13.03 

47.50 

4-30 

21*54 

TABLE  2c.  COMPARISON  OF  CROUP  DELAY  OBTAINED  OY  CROSS  LINE 
_ TECHNIQUE  WITH  MODEL  PREDICTIONS  BN  21/  3/70  _ 


BLOCK 

latituoe 

longitude 

prediction 

ERROR 

LT 

SIZE 

block 

start 

STOP 

MEAN 

MAX 

RmS 

MAX 

a 

30 

NORTH 

c 

25 

* 

56 

7 

32 

*7^ 

1*63 

a 

30 

north 

3Q 

55 

7 

72 

J5 

1C_ 

2*a* 

9.43 

a 

30 

nqrth 

60 

25 

17 

26 

60 

*59 

1*75 

3 

30 

north 

90 

115 

2* 

55 

3* 

32 

3*3* 

12*04 

a 

30 

NORTH 

120 

1*5 

30 

73 

*6 

36 

5.15 

16*84 

a 

30 

NORTH 

1^0 

175 

31 

oa 

*a 

2a 

3.6* 

13*34 

3 

30 

NORTH 

ISO 

2C5 

23 

39 

*9 

75 

4.37 

a. 97 

3 

30 

north 

210 

225 

20 

67 

36 

57 

1  .78 

6.43 

a 

30 

NQRTH 

2*0 

265 

16 

*1 

29 

73 

1*51 

5.57 

3 

30 

NOR.  « 

27o 

235 

15 

97 

31 

C8 

1*22 

4*91 

a 

30 

NQRr, . 

3C0 

355 

12 

82 

26 

23 

2«28 

6.3c 

a 

30 

nqrth 

330 

355 

7 

61 

16 

C7 

1*17 

2*75 

a 

30 

SOUTH 

0 

25 

* 

76 

7 

32 

*91 

2*53 

a 

30 

SOUTH 

30 

55 

7 

91 

15 

10 

3*07 

8.39 

a 

30 

SOUTH 

6q 

as 

17 

91 

26 

60 

»s* 

1*51 

a 

30 

south 

9Q 

115 

23 

29 

33 

75 

2.67 

12*04 

a 

30 

south 

120 

1*5 

2a 

3C 

*6 

86  _ 

5.80 

16-84 

a 

30 

south 

isd 

175 

30 

2* 

*3 

23 

3.c"a 

1  3 » 34 

a 

30 

south 

13q 

2C5 

28 

51 

*9 

75 

*>  •  *3 

9*85 

a 

30 

south 

210 

235 

20 

55 

36 

57 

1.58 

6.43 

"a 

30 

Suu  tn 

2*0 

26  5 

m  ”» 

it 

C  .. 

#■»  r> 

n  •*» 

/  U 

li  =  * 

5*5? 

a 

30 

SOUTH 

270 

295 

15 

56 

31 

C3 

1*69 

4.9* 

a 

30 

SOUTH 

3CQ 

OO 

11 

79 

26 

23 

2*1* 

6  *  3o 

a 

30 

SOUTH 

3’3o~ 

355 

7 

*2 

16 

C7 

1*46 

3*  6q 

a 

30 

OVERALL 

statistics 

19 

Q5 

*9 

75 

2*79 

16*84 

a 

60 

north 

0 

cc 

6 

1* 

15 

10 

2*46 

11*87 

3 

60 

NORTH 

6Q 

115 

21 

2C 

3* 

22 

2*50 

10*26 

a 

60 

""NORTH 

T2o 

175 

~ 3q 

91 

*0 

20 

6  *50 

17*95 

a 

60 

NORTH 

iao 

233 

2* 

53 

*9 

75 

3  >93 

3.97 

a 

60 

NORTH 

2*0 

295 

16 

39 

31 

ca_. 

2»53 

7»3o 

a" 

60 

north 

3CcT~ 

355 

10 

"S2_ 

26 

23 

2*39 

6  »3q 

a 

60 

SOUTH 

0 

55 

6 

3* 

15 

io 

2.S9 

11*37 

a 

eQ 

SOUTH 

6q 

1  IS 

20 

6C 

33 

75  _ 

1.79 

10*26 

- 3' 

cq" 

south 

120 

175'“ 

29 

52 

*6 

23 

7.32 

17.95 

3 

60 

south 

1*0 

235 

2* 

S3 

*9 

75 

3*99 

9*85 

a 

6C 

south 

2*0 

295 

16 

55 

31 

C3 

2 » 70 

7*80 

.  ’a 

60 

south 

3CQ 

~35S 

. . . 9 

6c 

26 

23 

2*22 

6*  30 

_ ...  2. 

60 

overall 

STATISTICS 

_ IS 

•  05 

_*9 

ill. 

3*83 

17*95 
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TABLE  2d.  COMPARISON  OF  GROUP  DELAY  8BTA INFO  *v  CROSS  LINe 
TECHNIQUE  WITH  MODEL  PKgCICTieNS  0N  J1/  3/7C _ 


block 

LATITUDE 

LSNGITUCC 

PREDICTION 

ERROR 

LT 

JJZ£_ 

block 

_SJ_ART_ 

STOP 

ME>^ 

MAX 

_ RM_S_ 

max 

12 

30 

N8RTH 

0 

25 

19 

.61 

3C  »9* 

1  »c6 

4*57 

12 

_ 2Q 

N8RTH _ 

3Q 

£5 

23 

.63 

38.21 _ 

_3_!.  V? _ 1.3  *5.0 _ 

12 

30 

north 

6q 

25 

32 

.03 

*2.9* 

1*76 

4  t44 

12 

30 

NORTH 

90 

115 

31 

.6* 

4*. 72 

6*33 

19.67 

12 

_30 

NORTH 

_ 120_ 

1  45 

23 

.*6 

4C  •  89 

2 » 5C 

7.64 

12 

30 

north' 

l'So 

175 

22 

.72* 

4C»C3 

1.93 

6.98 

12 

30 

NORTH 

iao 

2CS 

17 

.35 

36.85 

1.73 

3  »65 

12 

30 

north 

210 

_235 _ 

1* 

.82 

31.37 

Ji3. L 

5.25 

12 

30 

north 

2*0 

265 

12 

.16 

27.71 

1.2* 

3.5q 

12 

20 

north 

270 

295 

7 

.9* 

16.13 

.75 

1*73 

12 

30 

north 

300 

325 

4 

.96 

9.62 

.83 

2*23 

12 

30 

north 

330 

355 

7 

.*1 

13.2Q 

1*58 

6»09 

12 

30 

SOUTH 

0 

25 

18 

.32 

30.94 

•  89 

4»57 

12 

30 

SOUTH 

55 

25 

.9* 

38.12 _ 

12 

30 

SOUTH 

60 

85 

27 

.25 

42.05 

2*10 

4.77 

12 

30 

SOUTH 

90 

115 

26 

.97 

44.72 

6 » 03 

19*67 

ii 

30 

SOUTH 

120 

1*5 

_25 

.87 

4C.89 

_2  »  29 

7*64 

12' 

30 

south 

isc 

"l  73 

HI 

.03“ 

4  C  *  C  8 

2«03 

6*93 

12 

30 

SOUTH 

iao 

2C5 

13 

.01 

36.85 

.72 

2*35 

12 

30 

south 

210 

235 

15 

.50 

31.37 

1.72 

_  .5.25  . 

i  o~ 

*  — 

30 

"south 

2*6 

'265' 

13 

.03 

27.71 

:  *10 

3  *5Q 

12 

30 

SOUTH 

27c 

295 

8 

.09 

16.13 

•  sc 

1*73 

12 

30 

SOUTH 

3C0 

325 

* 

.5* 

9.62 

•  *3 

1*H 

12 

"30 

SOUTH 

33q  ~ 

255 

6 

•  69' 

13.20 

•si' 

3*48 

_ 12_ 

_ 30 _ 

OVERALL 

STATISTICS 

13 

.29 

44.72 

2.43 

J9jl6?__ 

12 

60 

NORTH 

0 

55 

2* 

.1* 

38.21 

2.91 

14*15 

12 

60 

NORTH 

60 

115 

3 1 

.83 

44.72 _ 

4.33 

19-11 

12' 

60  " 

"'north'" 

120 

175 

"25 

.59' 

4C»c  9 

3'.'90 

"13.77 

12 

6Q 

NORTH 

13q 

235 

16 

.08 

36.25 

2  »*l 

5*35 

12 

60 

NORTH 

2*0 

295 

1C 

.05 

27.71 

1.48 

_ 3  *5  0 _ 

12 

”  60 

NORTH 

3  CO 

355' 

6 

via' 

13'.'  90 

1*57 

5*83 

12 

60 

SOUTH 

0 

55 

22 

.‘13 

38.12 

2.55 

1**15 

12 

60 

SOUTH 

60 

1 15 

27 

•  11 

44.72 

4  «  14 

19*11 

— IS' 

"'6  O'" 

~BgOrH 

-"W~ 

175" 

“23 

•*5  40*69 

3*93 

1  j  »77 

. 

«  <u 

6Q 

SOUTH 

18Q 

235 

16 

.76 

36. SB 

1*53 

5«*0 

12 

60 

SOUTH 

2*0 

295 

10 

•  S3 

27.71 

1.20 

3.5c 

12 

60 

SOUTH 

3  CO 

155 

5 

Tci 

l3*'50 

"1  *  3‘i 

"svaa" 

ts  6o  overall  statistics 


i,1. a 9  44.72  3*36  1 9 •  11 


TAilLE  2c,  COMPARISON  GR  GROUP  delay  OBTAINED  3Y  CROSS  LlN£ 
_ TECHNIQUE  WITH  MODEL  PR gCICT! 6NS  ON  21/  3/7C  __ 


BLOCK  LATlTUOe  L9NGITUCS 

PREDICTION 

ERROR 

UT 

SIZE 

0L8CX 

START 

STOP 

MEAN 

MAX 

RMS 

max 

16 

30 

NeRTH 

0 

25 

32.35 

42.52 

3.32 

7.72 

16 

30 

NaRTH 

30 

55 

34.02 

46.76 

10,50 

26.38 

!  6 

30 

NqRTH 

60 

as 

30*39 

44,28 

1.3C 

4 » 40 

16 

30 

north 

90 

115 

23*17 

36.43 

4*24 

14*23 

16 

30 

north 

120 

145 

16.99 

29.39 

2.74 

7,30 

16 

30  ' 

nqrth 

ISO 

175 

14*91 

29«24 

1*90  7.Q9 

16 

30 

north 

1^0 

2C5 

12.49 

27.19 

l».l6 

4.38 

16 

30 

north 

210 

235 

3.C7 

16.14 

.76 

1.85 

16 

30 

NORTH 

24q 

265 

4.97 

9.43 

1»06 

2*94 

16 

30 

north 

270 

295 

3.77 

16.99 

2»  17 

7*31 

16 

30 

NORTH 

3C0 

325 

19.99 

3C.97 

1  »C3 

2*62 

16 

30 

north 

33o 

355 

26. 81 

36. C3 

1.76 

5*02 

16 

30 

SOUTH 

0 

25 

29.52 

42,28 

2.41 

6.32 

16 

30 

SOUTH 

30 

55 

28.37 

46.76 

10*70 

26.38 

16 

30 

south 

6q 

35 

24.29 

44.2a 

.93 

2»oa 

16 

30 

south 

90 

115 

19.01 

36.43 

4.13. 

14.28 

16 

30 

south 

120 

145 

15.71 

29.39 

2*53 

7.30 

16 

30 

South 

130 

175 

14.40 

29.24 

1.69 

7»c9 

16 

30 

south 

iso 

2C5 

12.9C 

27.19 

1.47 

4.33 

<  A 

So 

S91.17W 

Pin 

?-3q 

fi.7  C 

16.14 

1  »nl 

2*08 

T6 

~JQ 

south 

24q 

265 

5.27 

9.43 

.48 

liC  4 

16 

30 

south 

27o 

295 

7.1C 

16.59 

2.26 

5*55 

16 

30 

SOUTH 

3  CO 

325 

17.02 

30.97 

1  »C2 

3. 1 1 

vr 

”30— 

south 

33q 

355 

25'.  03 

3  6  »  C  3 

2*57 

5.76 

16 

30 

OVERALL 

STATISTICS 

13.35 

46 . 76 

3.70 

26*38 

16 

60 

NQRTH 

0 

55 

33*19 

46.76 

3.37 

31*47 

16 

60 

NORTH 

60 

115 

26  * 38 

44.28 

3.79 

16.21 

16 

60 

NORTH 

12Q 

175 

15.95 

29.39 

3.94 

10*46 

16 

60 

NQRTH 

130 

235 

ic.  2  a 

27.19 

1*46 

4.33 

16 

60 

NgRTH 

2*0 

.255 

6.37 

16.99 

2*20 

6.73 

16 

60 

nqrth 

~  3CQ 

35  5 

23  *4C 

36.  ca 

1.49 

5.28 

16 

60 

SOUTH 

0 

55 

23.94 

46  *  76 

9.64 

31*47 

16 

60 

SOUTH 

60 

us 

21*65 

44,28 

3.26 

16.21 

16 

1  6Q 

SOUTH  ' 

'"l20" 

~l?s~ 

15*06 

29.39 

3.42 

10*46 

16 

60 

SOUTH 

1 2Q 

235 

10*aC 

27.13 

♦•89 

4.38 

16 

60 

SOUTH 

2^0 

295 

6.19 

16.59 

1*33 

6.73 

'"16 

60 

South" 

""'■36a 

Is  5 

21.03 

36  .  ca 

3.65 

10.64 

16 

60 

OVERALL 

STATISTICS 

IS. 35 

46*76 

31*47 

TABLE  2f,  C0MPARJS0N  0F  GRSUP  OELaY  OBTAINED  BY  CROSS  LINE 
_ TECHNIQUE  with  mQOEL  PRECICTIQNS  3N  21/  3/7C _ 


BLOCK 

LATITUDE 

L8NQITUCE 

PRE0ICTI8N 

ERROR 

UT 

_SUX_ 

block 

START 

STOP 

MEAN 

MAX 

RMS 

max 

20 

20 

0 

25 

23*68 

40*63 

2*49 

9 

*37 

20 

,  30 

3q 

55 

24*04 

4C*17 

7*33 

19 

*84 

20 

30 

nqrth 

6Q 

85 

18*86 

34*65 

2*31 

6 

•  44 

20 

30 

NQRTH 

3Q 

115 

17*49 

33*96 

6*22 

13 

•14 

20 

30 

N8RTH 

120 

145 

11*97 

24.97 

2*66 

9 

•30 

20 

30 

N0RTH 

iso 

175 

7*75 

16.66 

•  80 

2 

•03 

20 

30 

nqrth 

180 

205 

4*84 

8*53 

1*12 

3 

•00 

20 

30 

nqrth 

210 

$25 

8*44 

15.46 

1*73 

3 

*52 

20 

20 

nqrth 

240 

265 

19*63 

2S.53 

*99 

3 

*40 

20 

30 

nqrth 

270 

295 

27*39 

39*93 

4*81 

13 

•56 

20 

30 

nqrth 

2CQ 

325 

32*35 

44.24 

2*36 

5 

*14 

20 

30 

330 

355 

31*72 

44*84 

3*73 

10 

•  94 

20 

30 

*  ri  MmSm 

25 

27*52 

4C»63 

3*09 

9 

*37 

20 

30 

-  boI  'SciSrSF 

55 

19*43 

4C*17 

3*20 

19 

*84 

20 

30 

squth 

6q 

85 

13*25 

34.65 

2*31 

4 

•59 

20 

30 

south 

90 

115 

13*4C 

33*56 

6*10 

13 

•14 

20 

30 

squth 

12C 

145 

11*27 

24*97 

2*11 

9 

*30 

20 

20 

"South 

156 

T?S 

- 7T55 

16*66 

*33 

2 

*08 

20 

30 

south 

1 8Q 

205 

4*50 

8*93 

*67 

l 

•  59 

_3u 

SOUTH 

210 

7*03 

15*46 

1  .<58 

5 

•  39 

20 

20 

SQUTH 

2**Q 

2o5 

18*04 

co. 53 

1*23 

4 

•24 

20 

30 

SOUTH 

27q 

295 

24*81 

39.93 

3*73 

13 

•32 

20 

30 

SQUTH 

SCO 

325 

27*82 

42*52 

1*82 

4 

•  58 

20 

30 

SOUTH 

33q 

355 

28*65 

44*84 

2>l3 

6 

•92 

Q 

30 

OVERALL  STATISTICS 

18*13 

44*34 

3*64 

H 

*84 

20 

6Q 

nqrth 

0 

55 

26*36 

4c»63 

9*23 

31 

•80 

20 

60 

NQRTH 

60  115 

18*18 

34.65 

5*11 

13 

•  41 

£o 

60 

NQRTH 

12o 

175 

9*o6 

"24797 

3*q7 

9 

*73 

20 

60 

NQRTH 

180 

235 

6*64 

1.5.46 

2*01 

6 

•08 

20 

60 

NQRTH 

24q 

295 

23*51 

39.28 

5»0b 

l7 

»il 

20 

60 

NQRTH  3GQ 

*355 

"32*03 

44.34 

2*71 

7 

*68 

2Q 

60 

SOUTH 

0 

S3 

23*47 

4C*63 

11*62 

31 

*3q 

20 

60 

SQUTH 

60 

115 

13*33 

34.65 

4.42 

13 

.4t 

2d 

6Q 

"SOUTH 

i2a 

1.75 

9*4  1 

14*97 

2*63 

’9 

•73 

20 

60 

SOUTH 

1«0 

235 

S*76 

tS«46 

1*19 

6 

•03 

20 

6a 

SQUTH 

240 

295 

21 

39*95 

4.95  i  7 

ni 

20 

60 

SQUTH 

"3CO 

‘3SS 

28*23’ 

44*o4 

2*01 

4 

•96" 

20  60  OVERALL  STATISTICS  13*13  44. S4  5*40  31*30 

■■■■  i-ic-^lfc  «■■■»■»■<■■!■  II >  v  «■— r -<WTV«»Wii  mil  ■  ■■—«■.  HW— ■  I  .  «“■«« 


TABLE  3a.  COMPARISON  OF  GROUP  DELAY  OBTAINED  BY  CROSS  LINF 
_ TECh.Nl QUE_WITH  MODEL  PREDICTIONS  UN  21/  6/7C . . 


UT 

BLOCK 

SIZE 

LATITUOE 

block 

LONGITUDE 
START  STOP 

PREDICTION 
YEAN  MAX 

ERRf^R 

RMS  MAX 

0 

30 

NORTH 

0 

25 

11 

97 

14.23 

1*11 

3*6q 

0  3c 

NORTH 

_ 30  . 

55 

9 

31 

4  •  c9 

9*C& 

0 

30 

N0RTH 

60 

85 

7 

97 

15.65 

1*25 

3*6l 

0 

30 

N8RTH 

90 

115 

6 

5*2 

1C*  14 

1*62 

4*C3 

0 

30 

north 

120 

1A5 

5 

32 

8.32 

.36 

1*95 

0 

'  30 

NORTH 

i5o 

175 

7 

6Q 

12*49 

6.85 

17*29 

0 

3a 

NORTH 

1^0 

2C5 

12 

44 

21*58 

1*65 

3*74 

0 

30 

north 

S10 

235 

15 

56 

26. C9 

1.57 

5*3t 

0 

30 

north 

c*0 

265 

20 

26 

29.27 

2.46 

7*50 

0 

30 

NORTH 

270 

295 

19 

87 

23.77 

1 » 4 1 

5*95 

0 

30 

NORTH 

3CQ 

325 

19 

64 

32.76 

1*85 

4.74 

0 

30 

■“North 

33q 

35'S 

l* 

3  r 

25.96 

2*31  5*81  . 

0 

30 

SOUTH 

0 

25 

6 

90 

13.70 

.96 

3*60 

0 

30 

SOUTH 

30 

55 

4 

63 

14.C9 

3*08 

9*06 

0 

30 

SOUTH 

60 

85 

3 

85 

12*65 

*69 

2*27 

0 

30 

SOUTH 

90 

115 

2 

81 

8.45 

1*01 

3*59 

0 

30 

SOUTH 

120 

145 

2 

22 

7. CO 

*37 

1*17 

0 

30 

SOUTH 

ISO 

175 

4 

87" 

12.49 

2*37 

ll*50 

0 

30 

SOUTH 

ISO 

2C5 

11 

94 

21.58 

1*59 

3.74 

0 

30 

SOUTH 

210 

235 

15 

57 

26. C9 

1*33 

5.30 

0 

30 

SOUTH 

*>0 

cc3 

«  -» 
1  ' 

W  <S« 

■"  r*t  *+  -* 

r*  s  •  u  » 

«  -  t; 

A  ♦  V#  — 

?  *50 

0 

20 

SOUTH 

270 

295 

16 

/c 

23.77 

1*34 

5.95 

c 

30 

SOUTH 

3C0 

325 

16 

25 

32.76 

1*86 

4.7q 

0 

~3o"~ 

SOUTH 

33q 

~355 

10 

17" 

25.36 

1*69 

5*50 

0 

30 

OVERALL 

STATISTICS 

11 

02 

32.76 

2*31 

17.29 

Q 

60 

NQRTH 

0 

55 

10 

64 

14.23 

5*1? 

12.96 

0 

60 

NORTH 

6a 

115 

7 

24 

12.65 

2*21 

5*74 

Q 

60 

NORTH 

120 

1?S 

6 

46 

12.49 

4*36 

16*28 

0 

60 

NORTH 

120 

235 

14 

OC 

26.C9 

2*10 

4*05 

c. 

60 

NORTH 

£4q 

295 

20 

06 

29.37 

3  *C0 

3.25 

0 

60 

NORTH 

3ca 

355 

17 

ui 

“32.76 

2*31 

“5»88 

0 

60 

SOUTH 

c 

55 

5 

76 

14.09 

4.53 

12*96 

a 

60 

SOUTH 

60 

115 

3 

33 

12»6S 

1*0^ 

4*36 

0" 

~60 

SOUTH 

’"“iso'” 

175 

'3 

55* 

Id*  ^3 

2*C1 

l2*29 

0 

60 

SOUTH 

iso 

23S 

13 

75 

26. c9 

1*36 

4*GS 

c 

6a 

SOUTH 

240 

295 

17 

26 

29*27 

1*97 

7*71 

b 

60 

SOUTH' 

3C0 

“355 

13 

ll 

32*76 

2*03 

4*7q 

0 

60 

OVERALL 

STATISTICS 

11*02 

32.7  a 

2*99 

16*23 

TA3L£  3b.  COMPARISON  OF  GRSU P  DELAY  OBTAINED  HY  CROSS  LINE 


TECHN  I QU£^Ul TH  MODEL  PREDICTIONS  ON  2 1/  6/7C 


block 

latitude 

LONGITUDE 

PREDICTION 

ERROR 

IT 

size 

block 

START 

STOP 

H£AN 

MAX 

RMS 

max 

4 

30 

NQRTH 

Q 

25 

8*34 

11*^3 

1*41 

3*36 

4 

30 

NORTH 

30 

55 

6*06 

11.12 

1  »06 

2*14 

4 

30 

NORTH 

60 

35 

4  •  30 

8.43 

1»C4 

2*34 

4 

30 

NORTH 

90 

115 

7*25 

12* AC 

6*4? 

l8»74 

4 

30 

NORTH 

120 

145 

14*17 

22*29 

1  •  47 

5  »C9 

4 

30  • 

north 

1  =  0 

175 

17. OC 

23.33 

t*l5 

3.35 

4 

30 

north 

13C 

2C5 

17.07 

25.15 

1*21 

P  *  16 

4 

30 

NORTH 

210 

235 

17.95 

3C.50 

1.27 

4*46 

4 

30 

NORTH 

240 

265 

18*38 

30*87 

1*10 

3  *C3 

4 

30 

NORTH 

270 

295 

15.82 

23,20 

1.49 

5*15 

4 

30 

north 

300 

325 

11*87 

19.91 

*84 

2*37 

4 

30 

NqRtH 

33o 

355  ’ 

9*63 

la.09 

1*65 

3*66 

4 

30 

SOUTH 

0 

25 

4.43 

9.25 

•36 

1*27 

4 

30 

SOUTH 

30 

55 

2*63 

6.53 

*79 

1*92 

4 

30 

SOUTH 

6q 

35 

1 .55 

3. £4 

.32 

1*14 

4 

30 

SOUTH 

90 

115 

4.29 

12.40 

1*69 

5*31 

4 

30 

SOUTH 

120 

145 

11*93 

22.29 

1  -a?. 

5*09 

4" 

30 

South 

1  =  0 

'175 

l"6T+4 

25.33 

i  *  C  8 

2*32 

4 

30 

south 

ISO 

2C5 

17*85 

25.15 

1*19 

3*16 

4 

30 

SOUTH 

£10 

235 

17.43 

3C»SC 

1.36 

4*46 

<♦ 

30 

b4uTM 

c-*Q 

265 

16*3/ 

3  r: .  e  7 

»cC 

Z  •  3  fj 

4 

30 

SOUTH 

27a 

295 

12*06 

22.98 

*  •  5  8 

5*15 

4 

30 

SOUTH 

3C0 

325 

8  •  35 

19.91 

.S3 

2*37 

4 

“36 

SOUTH' 

'  ’  '33q" 

"355" 

5*97’ 

16. C9 

•89 

T*3H  ' 

4 

30 

OVERALL 

STATISTICS 

11*15 

30*37 

1*73 

13*74 

4 

6Q 

NQRTH 

0 

55 

7»2C 

1 1  *  A3 

1  *96 

4*cS 

4 

6q 

NORTH 

®o 

1 15 

c.77 

1 2  *  '■*  c 

4  »c9 

17.51 

4 

6q 

NORTH'  " 

-  120  ~ 

"t  7  5  ~ 

15^55 

25.33 

2*53 

7*17  -  • 

4 

6q 

NQRTH 

13q 

235 

17.51 

3C.5C 

2*4G 

9  •  4q 

4 

60 

NORTH 

H40 

295 

17.35 

3C.37 

1*36 

6.53 

4 

60 

NORTH 

300  " 

"355 

io*75 

19.51 

1*40 

”3.96 

4 

60 

SOUTH 

a 

55 

3*53 

9. 95 

1»C3 

3*13 

4 

60 

SOUTH 

60 

115 

2.92 

12*40 

*55 

5.29 

4 

60 

SOUTH 

~120 

"t7S 

14. 19 

£5.33 

3*33 

7.23  ~  ' 

4 

60 

SOUTH 

160 

235 

17.64 

30.50 

2*36 

9*40 

4 

6q 

SOUTH 

£4Q 

295 

14*21 

30*37 

2*23 

6. S3 

4  ’ 

'  60' 

■'•SOUTH”’ 

3C0  ~ 

"355  ™ 

7.16 

T9*  51 

t*U 

3*00 

4 

60 

OVERALL 

STATISTICS 

11*15 

3C*87 

2.30 

17* Si 

i 


TABLE  3c*  COMPARISON  OF  GROUP  DELAY  OBTAINED  OY  CROSS  LINE 


TECHNIQUE  WITH  MODEL  FR£CICT  I6NS  ON  21/  6/7C 


SLACK 

LA7ITU0E 

LONGITUDE 

PREDICTION 

ERROR 

ur 

SIZE 

BLOCK 

START 

stop 

MEAN 

MAX 

RMS 

max 

a 

30 

north 

0 

25 

4.57 

7 

76 

1.48 

3*75 

a 

30 

NORTH 

30 

55 

6.93 

1C 

S3 

5*37 

17*33 

a 

30 

NORTH 

60 

as 

13*65 

26 

6* 

3*39 

a.s9 

a 

30 

north 

90 

115 

17.91 

28 

5* 

2.21 

7»aa 

a 

30 

nqrth 

120 

1*5 

20  •  1* 

31 

ia 

3.92 

18*31 

£30 

noR'th 

fsb 

1 75 

19 .7o  33 

“i7~ 

2*13 

6*6q 

a 

30 

N8RTH 

iso 

2C5 

17. ia 

32 

46 

1.73 

6»32 

8 

30 

NORTH 

210 

235 

14.** 

21 

25 

.67 

2*28 

a 

30 

NORTH 

2*0 

265 

"  11*7C- 

16 

56 

U27 

3*45 

a 

30 

NORTH 

H7o 

295 

9*93 

15 

35 

.42 

1*57 

a 

30 

NORTH 

3  CO 

325 

7. *2 

12 

C6 

.  65 

2.71 

a 

30 

NORTH 

330 

355 

5.28 

7 

*3 

•  ao 

1*94 

a 

30 

SOUTH 

0 

25 

2*31 

5 

39 

.36 

•  35 

a 

30 

SOUTH 

30 

55 

4.1* 

1C 

83 

1.30 

5.59 

a 

30 

SOUTH 

6q 

as 

11.37 

26 

6* 

.32 

3*11 

a 

30 

SOUTH 

90 

115 

15*72 

23 

5* 

2*ca 

7.aa 

a 

30 

SOUTH 

120 

1*5 

17.62 

31 

13 

3 « 6  7 

1.2*3 1 

a 

30 

SOUTH 

1=6 

175 

13.89 

33 

17 

1.16 

*»6l 

a 

3G 

SOUTH 

iso 

2C5 

17.24 

32 

*6 

2.C2 

6*32 

a 

3q 

south 

210 

235 

12.27 

21 

25 

1  ♦  *2 

3. *5 

a 

30 

south 

2*0 

265 

3*66 

16 

56 

.79 

3*45 

a 

30 

south 

270 

295 

6.7C 

15 

35 

•  40 

1*57 

a 

30 

SOUTH 

3C0 

325 

4*8  2 

12 

C6 

.64 

2*7l 

a 

30 

~  SOUTH 

330 

"355 

3»3c 

7.43 

.4* 

1*42 

8 

30 

OVERALL 

STATISTICS 

U.3* 

33 

.17 

_2  iQL 

17.33 

a 

60 

NORTH 

C 

55 

5*75 

1C 

.83 

2*C2 

7»3o 

o 

a 

®0 

NQRTH 

6a 

1  IS 

15*88 

23 

•  5* 

5.10 

10*56 

*3 

"60 

NORTH 

12q 

“i?5 

19*9(3 

33 

.17 

3  »3Q 

is*  1 1 

3 

60 

NQRTH 

130 

235 

15.81 

32 

.  *6 

2*37 

a*59 

8 

60 

NORTH 

2*0 

2S5 

10*85 

16 

.56 

1.73 

4.68 

“  “  "rt  "* 

a 

66 

NORTH 

— 3C0~ 

155 

"6 . 3b 

12 

•  C6 

•  92 

~1*7i 

8 

in 

SOUTH 

Q 

S3 

3*22 

1C 

.83 

•SO 

6*34 

6 

6Q 

SOUTH 

6q 

us 

13.5* 

23 

•  5* 

2«1* 

a.  4a 

3 

"  6q  " 

SOUTH'” 

!2a~ 

1?3 

18*26 

33 

•  17 

3*23 

16*11 

3 

60 

SOUTH 

1«0 

235 

14.75 

in 

U  tu 

•  *6 

3.59 

3 

60 

SOUTH 

2*a 

295 

7«63 

16 

.56 

_  1*26 

4*68 

'  n 

O 

60 

'south" 

3C0  ~ 

15  5 

4»b6 

12 

.06 

•80  2*71 

a 

60 

OVERALL 

STATISTICS 

11.3* 

33 

•  17 

.JUSL 

JJ>*U 

TABLE  3d,  COMPARISON  OF  GROUP  DELAY  OBTAINED  KV  CROSS  LI\£ 
_ T£CK\ I  DUE  WITH  MaO EL  PREDICTIONS  ON  21/  6/7C _ 


9L9CX 

LATITUOE 

LQNGITUCE 

PREDICTION 

error 

UT 

.S_IZE_ 

BLOCK 

START 

STOP 

MEAN 

MAX 

_ RMS 

max 

12 

30 

NORTH 

0 

25 

12*0C 

24.51 

4*23 

1069 

12 

30 

NORTH 

30 

Q  C 

St  ** 

ia»39 

30  S3 

2.15 

6*05 

Id 

30 

north 

60 

as 

20*33 

29.76 

1*39 

6*01 

12 

30 

N0RTH 

90 

115 

21*33 

33. 81 

4.23 

18.67 

12 

30 

NgRTH 

120 

145 

19*77 

34.94 

2*20 

6*15 

12  30 

ft'O'R'TH 

1=0  1/^ 

15*53  23.55 

”  1*57' 

6*07 

12 

30 

NORTH 

ISO 

2C5 

11*95 

18.16 

1*11 

H»3Q  , 

1c 

30 

NORTH 

210 

235 

9*54 

13.57 

•41 

1*39 

12 

30 

NO'RTH 

24q 

265 

8*19 

1027 

*  56 

1*54 

12 

30 

NORTH 

27Q 

295 

6  *  1C 

8.84 

*78 

2*19 

12 

30 

north 

3C0 

325 

4.30 

6.49 

•  60 

1*73 

12 

30 

NORTH 

— 33b“ 

335 

5755“ 

1757“ 

025  3*74  "N 

12 

30 

SOUTH 

0 

25 

a«96 

24.51 

1.78 

7.18 

12 

30 

SOUTH 

30 

55 

15.19 

3093 

2.12 

6*c5 

12“ 

30 

SOUTH 

60 

as 

1 6  73c 

"29.76 

•  61 

2*27 

12 

30 

SOUTH 

90 

115 

15*95 

33.81 

3*76 

13*67 

12 

30 

SOUTH 

120 

l**s 

15.93 

34.94 

1.88 

6*15 

iT 

30 

oQl/TH 

1 5  0 

T75 

T2.6T 

“23759“ 

0  48' 

6*07 

12 

30 

SOUTH 

ISO 

2C5 

9.23 

13*16 

•  64 

1*99 

12 

30 

_S0LTH__ 

..  £10  _ 

_?3S _ 

6*69 

13.57 

_ _*52_ 

1*89 

Id 

dQ 

bOUTM 

2-»U  “ 

^65 

3 .43 

1C. 27' 

•  w  ** 

4  *  <r» ». 

*  •  -j  * 

12 

30 

SOUTH 

270 

295 

4*06 

8. £4 

.35 

.75 

12 

30 

SOUTH 

3C0 

325 

2.27 

4.56 

•  28 

.79 

XT 

■^30 

""SOUTH™ 

“33o  “ 

'355 

2.90  a. 43 

•  54 

“2*47"  ’ 

_ 12.. 

_J0._ . 

Jv£?j?.LL  _ 

STATISTICS 

11.22 

34.94 

_ ij»S6. 

_13*_67^ _ _ _ _ _ 

12 

6o 

NORTH 

0 

CK 

1?  »2C 

3C*53 

1041 

21*36 

12 

6q 

NQRtH 

60 

115 

2C*85 

33.8  1_ 

4.35 

21*14 

12“ 

'60 — 

north™ 

"120  ' 

“1  75 

'-“17.53' 

j4.54 

2.75)  S*  90 

12 

6Q 

NQfiTH 

lHQ 

235 

1C  *75 

12.16 

1*30 

2*31 

1? 

60. 

NORTH 

2^0 

295 

7.15 

10.27 

*9C 

2*  54 

12“ 

6b ' 

NORTH 

3  CO’” 

w  U 

4  .33 

8.57’ 

•39 

2*28 

12 

60 

SOUTH 

0 

55 

i2»oa 

3C-93 

5*70 

17*01 

12 

60 

SOUTH 

fc0 

115 

16.  do 

33. cl 

3*  13 

21*14 

12' 

60 

SOUTH' 

120 

"1 73 

’14727 

“34.9  4' 

~~2*2Q 

0  »9C 

12 

6Q 

SOUTH 

ISQ 

235 

7.96 

1§  *  16 

.78 

2*07 

12 

60 

SOUTH 

24q 

2S5 

4.77 

10  37 

•  71 

1*94 

~  12' 

60”" 

""SOUTH'" 

'"’3  CO 

"355 — 

2  *53 

l_  >1  +- 

0  *  **  j 

•  62 

t  *S'4 

_  12 

60 

OVERALL. 

STATISTICS 

11*32 

34.94 

21*36 

t 


7A0l£  3c,  COMPARISON  OF  GRtfUP  DELAY  OBTAINED  CROSS  Ll\ff 


— 

-  . 

„  technic 

UE_MTH 

M3  DEL 

R  R  £  C  _l  C  TJ  _C  N  S  _0  N 

21/  6/7C _ 

BLOCK 

LATITUDE  L3*G1ToCE 

PREDICTION 

ERRBR 

.IT. 

SIZ£._ 

3L3CK 

_ START 

_ST8P__ 

w£  AN 

MAX  __ 

_ RMS 

__MAX 

16 

30 

north 

0 

25 

20*2* 

3C*2* 

1*58 

5*68 

..16 

30 

NORTH 

30 

35 

22.54 

33.17 

4.42 

9.86 

16 

30 

NORTH 

60 

ci5 

?  1  .6  1 

32.51 

1*61 

7.66 

16 

30 

NORTH 

20 

115 

17*56 

3C » 55 

2.49 

8*16 

16 

30 

NORTH 

120 

145 

11**7 

13.20 

1*2* 

3.52 

16 

30 

NORTH 

iso 

175 

9*61 

14.75 

*85 

H  »4Q 

16 

30 

NORTH 

18o 

2C5 

3*53 

11. C3 

.73 

1.76 

16 

30 

north 

21Q 

235 

6*26 

9  •  C* 

*51 

1*62 

16 

30 

NORTH 

2^0 
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TABLE  31,  CSMPaRIS&N  OF  GROUP  DELAY  CBT  a IN£0  BY  CROSS  LINE 
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APPENDIX  H 


Contour  Maps  of  Group  Dclny  and  hVh’ht  and  Error  Contours  dm?  to 
Rotation  of  the?  Maps  for  Continuous  Tiny;  Adjustment 

Contours  of  group  delay  and  height  at  the  maximum  electron  density 
are  plotted  on  a  world  wide  magnetic  latitude  and  longitude  grid.  To 
allow  the  similarities  of  the  patterns  for  maps  at  different  universal 
times  to  be  easily  examined,  the  magnetic  longitude  scale  is  shifted 
eastward  at  a  rate  of  15  degrees  per  hour  out  of  the  12  hour  plot 
for  which  the  magnetic  longitude  scale  runs  from  0  to  360  degrees. 

In  this  manner  the  effects  of  sunrise  and  the  equatorial  anomaly  appear  In 
the  same  portion  relative  to  the  edges  of  the  graphs  independent  of  the 
universal  time. 

Figures  la-f.  show  the  world  maps  of  vertical  group  delay  on 
21  March  1970  for  0,  4,  8.  12,  16,  and  20  hours  of  universal  time;  for 
the  same  times  Figures  -a- f.  give  the  group  delay  contours  on  21  June  1970 
and  Figures  4a~f.  give  the  contours  for  the  height  of  the  maximum  electron 
density  on  21  March  1970.  The  graphs  ior  the  various  hours  on  a  fixed 
date  look  quite  similar  except  ior  a  distortion  of  the  pattern  right  around 
the  equator  that  continuously  shifts  eastward  with  increasing  time.  This 
distortion  is  caused  by  the  fact  that  the  simple  dipole  magnetic  latitude 
and  longitude  define  the  axe  >  which  give  only  an  approximation  to  the  true 
magnetic  equat  > r.  Use  of  the  magnetic  dip  as  an  axis  around  the  equator 
would  reduce  the  irregularities  in  the  patterns  for  different  times. 

Since  the  maps  for  different  times  ou  a  fixed  date  are  quite  similar, 
the  storage  requirement  can  be  significantly  reduced  if  only  one  nuap 
at  a  fixed  time  is  used  and  this  map  is  rotated  continuously  over  24  hours 
at  a  rate  of  15  degrees  in  magnetic  longitude  per  hour  to  account  for 
the  diurnal  time  variation.  To  estimate  the  expected  accuracy  loss  due 
to  such  a  time  adjustment.  Figure  3  was  drawn.  The  given  contour  map 
of  the  differences  in  group  deh*.y  between  the  4  hour  map  and  the  8  hour 
map  rotated  by  nO  degrees  to  adjust  for  the  time  shift  shows  the  distribution 
of  the  errors  in  space.  Tables  1.  2.  and  3  present  a  summary  of  errors 
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in  group  delay  and  height  due  to  time  adjustments  by  rota  tit-  >  the  various 
world  maps  over  4,  3,  and  a  maximum  offset  of  12  hours.  RMS  errors 
and  maximum  absolute  errors  arc  listed  for  selected  magnetic  latitude 
regions  and  corresponding  mean  and  maximum  values  of  the  Bent  Model 
predictions  are  given  for  comparison.  The  statistics  arc  based  on  2376 
data  values  in  each  map  at  5  degree  magnetic  latitude  and  Longitude 
increment.*  - 

The  discrepancies  between  the  values  recomputed  for  the  proper 
time  and  the  numbers  obtained  from  a  fixed  time  map  by  coordinate 
rotation  for  time  correction,  increase  oruy  slightly  from  a  4  hour  to  an 
3  hour  and  12  hour  time  adjustment.  For  March  l')70  the  RMS  error  in 
group  delay  is  26.  9%  of  the  mean  prediction  for  the  4  hour  rotation,  3?..  2% 
for  the  8  hour  and  32.4%  for  the  12  hour  adjustment.  Overall  an  RMS  error 
of  30.  1%  exists  with  a  maximum  possible  error  of  46.  5%  of  the  maximum 
prediction.  The  results  for  June  1970  look  quite  similar;  the  RMS  errors 
in  group  delay  are  27.  3%,  34.  5%,  and  37.  0%  of  the  mean  prediction  for 
dj us t meats  in  time  over  4,  8,  and  12  hours  respectively.  The  overall 
RMS  error  is  32. 1%  and  the  maximum  error  is  52.  5%.  For  ionospheric 
height  data  on  March  1970  the  RMS  errors  are  5.3%,  6.6%.  and  6.  9% 
of  the  mean  prediction  for  time  adjustments  over  4,  3,  and  12  hours. 

The  overall  RMS  error  for  the  height  data  is  6.  1%  with  a  maximum  possible 
error  of  22.6%  of  the  maximum  prediction. 

The  use  of  the  dipole  magnetic  latitude  instead  of  the  magnetic  dip 
as  coordinate  causes  some  distortion  around  the  equator  in  the  pattern 
of  these  maps,  which  sura  results  in  larger  errors  in  the  rotation 
method  for  time  adjustment.  It  therefore  can  be  expected  that  tfr  j  RMS 
errors  of  roughly  30%  for  group  delay  and  6%  for  the  height  data  can  be 
still  reduced,  if  the  coordinates  were  modified  or  the  distortion  was 
corrected  for  in  some  other  way. 
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To  reduce  the  time  errors  even  further  Another  approach  was  considered 
that  allows  different  sections  of  the  world  map  to  bo  precomputed  for 
different  universal  times.  This  method  is  described  toward  the  end  of 
Appendix  G  on  the  cross-line  technique.  The  moving  satellite  would  transmit 
each  section  of  the  world  map  at  the  predetermined  median  time  for  2  hours 
allowing  time  discrepancies  of  only +1  hour.  Coordinate  rotation  for  the  time 
correction  is  then  reduced  to  adjust  for  only  _+ 1  hour. 

The  testa  performed  to  check  out  the  accuracy  of  this  method  are 
summarized  in  Table  4.  The  hourly  maps  for  the  tests  were  chosen  from 
4  to  3  hours  to  keep  the  distortion  due  to  the  inaccurate  magnetic  equator 
co  a  minimum;  thus  the  numbers  actually  reflect  the  errors  to  be  expected 
after  the  distortion  has  been  corrected  for  in  some  manner.  The  method 
of  coordinate  rotation  to  adjust  for  1  hour  of  time  discrepancy  yields  a 
RAIS  error  in  group  delay  of  only  1.  37  nsec  which  is  1.0%  of  the  mean 
prediction.  But,  this  value  increases  rapidly  to  Z.  25  nsec  or  17%  for  «. 

2  hour  time  adjustment. 
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1. 


INTRODUCTION 


The  GPS  Ephemeris  Word  is  used  ic  establish  the  position,  and  possibly  the  velocity  of  the 
individual  space  vehicles  (SV)  at  specific  time  points  or  as  a  continuous  function  of  time. 

This  ephemeris  word  must  be  generated  or  stored  in  the  SV  and  the  data  word  must  be  proc¬ 
essed  by  the  User  Segment  equipment.  For  the  usor  equipment,  the  primary  concern  with 
the  ephemeris  word  format  is  that  the  computational  aspect  of  generating  the  SV  state  vector 
(position  and  velocity)  does  not  place  a  cost  or  accuracy  burden  on  tho  user  processor  func¬ 
tion.  It  should  be  noted  that  the  basic  accuracy  of  the  users  navigation  data  for  the  GPS  is 
governed  by  the  user's  knowledge  of  the  SV  state  vector  in  that  the  system  is  never  capable 
of  providing  navigation  to  any  accuracy  greater  than  tho  user's  knowledge  of  the  SV  state 
vector.  This  analysis  is  concerned  with  the  viable  mechanization  candidates  from  the  user 
equipment  viewpoint.  Examination  of  the  ephemeris  mechanization  has  been  basically  moti¬ 
vated  by  the  change  in  design  concepts  for  tho  new  satellite  altitude  (11, 000  nautical  miles) 
and  by  the  fact  that  the  satellite  configuration  is  no  longer  a  synchronous  orbit. 

2.  REQUIREMENTS 

2.1  Functional  Requirement 

General  functional  requirements  for  the  ephemeris  word  are  derived  from  paragraph 

3.  7.2.  3  Software  Initialization  of  the  System  Segment  Specification  SS-GPS-101A  which  stip¬ 
ulates  that  the  "current  position  and  velocity  of  all  active  satellites”  shall  be  determined  by 
the  user  processor.  A  related  functional  capability  is  also  identified  in  3. 7. 2. 3. 3  SV  Selec¬ 
tion  which  requires  that  the  satellites  will  be  selected  to  provide  the  set  which  yields  the 
best  GDOP  and  the  minimum  tropospheric  error.  The  requirement  also  states  that  the 
processor  data  base  will  be  maintained  for  the  SV  state  vector  to  establish  the  anticipated 
doppler  shift  and  navigation  code  state.  Consideration  of  the  two  requirements  means  that 
the  processor  shall  have  a  means  of  determining  the  SV  state  vector  from  either  prior 
stored  data  or  from  data  received  via  the  SV  ephemeris  data  word. 

2.2  Design  Requirements 

Study  of  the  system  design  has  produced  several  design  requirements  which  are  derived 
from  present  ground  rules  or  design  concepts.  The  first  design  requirement  considered  is 
the  accuracy  of  the  ephemeris  mechanization  utilized  by  the  user  processor.  The  system 
segment  error  budget  defines  SV  ephemeris  error  uf  S  to  12  feet  for  which  the  ephemeris 
model  error  allocation  is  taken  as  1  foot.  Note  that  these  algorithm  errors  are  the  deviation 
between  the  ephemeris  algorithm  and  tho  SV’s  true  trajectory,  given  that  the  true  trajectory 
Is  completely  known  and  defined.  The  velocity  error  budget  is  simulated  to  be  a  value  of 
0.  01  ft/see.  The  system  specification  also  includes  a  basic  waveform  definition  which  es¬ 
tablishes  aii  ephemeris  data  format  location  within  the  data  frame.  Fundamentally,  Appen- 
d  x  II  of  j?i»-UI*j>-loiA  states  in  Paragraph  20.5.2.  5.  Data  lilock  2.  that  an  ephemeris  w^ord 
s  tail  be  provided  within  this  data  block.  The  actual  extent  of  the  ephemeris  would  be  subject 
to  the  concepts  which  are  defined  In  the  study. 

3-1 


2.3  Evaluation  Criteria 


Evaluation  of  the  ephemoris  mechanization  arid  the  resultant  ephemeris  word  data  format  is 
seen  to  bo  a  function  of  the  following  criteria: 

a)  Processor  memory  requirements 

b)  Processor  computation  complexity 

c)  Number  of  data  word  bits  required 

d)  Accuracy  of  the  selected  mechanization 

e)  Perishability  of  the  selected  mechanization 

Consideration  of  several  pertinent  factors  which  influence  the  mechanizations  and  hence 
must  bo  considered  in  the  analysis  using  the  above  evaluation  criteria  are  the  following: 

1)  Discrete  versus  functional  position  definition 

2)  Selection  of  reference  coordinate  frames  as  «nertial  or  earth-fixed  basis  systems. 

3)  Data  span  Intervals  and  data  overlap  concepts 

4)  Resolution  and  potential  accuracy  limitations 

Proper  choice  and  selection  of  these  factors  must  be  made  to  determine  the  Impact  of  the 
design  on  the  User  Segment,  the  Control  Segment  and  the  Space  Vehicle  Segment. 


3.  CANDIDATE  MECHANIZATIONS 


Ono  of  the  first  basic  mechanization  considerations  which  may  be  developed  employs  the 
concept  of  utilizing  either  discrete  or  functional  formulations  of  the  satellite  position  and 
velocity.  Theso  two  approaches  are  described  in  detail  in  the  following  specific  discussions. 

3.1  Discrete  Representation 

!t  Is  possiblo  for  the  SV  to  announce  its  position  at  regular  intervals,  e.g. ,  once 
per  second,  once  every  (>  seconds,  etc.  To  achieve  a  resolution  of  0. 1  meter,  29  bits 
plus  sign  would  be  required  for  each  of  three  cartesian  coordinates,  tor  a  total  of  8?  bits 
per  position.  In  addition,  the  user  must  verify  proper  reception  by  some  form  of  error  de¬ 
tection  and  correction,  e.g. ,  majority  vote  of  redundant  data  or  the  use  of  error  correcting 
codes.  Thus,  the  user  must  receive  from  100  to  201  bits  per  position,  and  it  would  be  pos¬ 
sible  to  define  the  SV  position  at  least  every  2  Co  G  seconds  under  the  assumption  of  a  50  bits 
per  second  data  rate. 

By  having  the  SV  announce  its  position  at  discrete  time  points,  there  will  be  no  computation¬ 
al  burden  to  the  user  equipment  of  converting  from  a  functional  form  to  the  discrete  posi¬ 
tions  required  for  a  position  fix.  On  the  other  hand,  the  user  equipment  would  be  forced  to 
demodulate  ephemeris  data  from  each  of  three  or  four  SV's  simultaneously  and  continuously, 
rather  than  sequentially  demodulating  data  from  each  SV  in  turn. 

The  Impact  on  the  SV  of  having  to  transmit  discrete  positions  wr  tern  to  be  a  very  large 
memory  requirement.  However,  this  does  not  have  to  be  the  c*.  ..-sclfleaUy,  the  SV 
memory  may  be  a  programmed  processor  or  CPU.  All  input  and  output  to  the  memory 
would  be  via  the  CPU.  In  this  way.  the  Ground  Control  Segment  can  toad  the  SV  computer 
memory  with  algorithms  representing  SV  position  as  a  function  of  time.  Included  in  the  raw 
data  would  be  the  computer  program  to  derive  discrete  positions  tram  the  algorithms  and  to 
transmit  them  in  the  format  expected  by  the  user  equipment. 

3.2  Functional  Representation 


Instead  ot  transmitting  discrete  positions  the  SV  can  provide  position  as  a  function  of  time. 
There  are  three  general  methods  for  functional  ephemerts  representation:  interpolation 
polynomials,  Kepleriaa  inertial  orbit  elements,  and  numerical  integration  techniques. 


Representation  of  satellite  position  and  velocity  by  either  a  T-vior  series  expansion  in  time 
or  by  a  polynomial  fit  such  as  a  Lagraagiaa  are  two  variation-,  of  the  first  method  of  interpo¬ 
lation  polynomials.  The  position  for  a  nth  degree  Taylor  series  expansion  is  given  as 


U 


N 

V 

»«o 


“  ,  n*l  n*l 
r  (r)  t 

ia*l>! 


Si -3 


where 


r  (r)  =  the  Kth  range  derivative 
t  =  system  time 

t  «=  time  interval  defined  between  zero  and  time  equal  t. 

Keplertan  orbit  coefficients  may  be  employed  which  establish  the  satellite  in  an  inertial 
fram.3  of  reference  as  defined  by  the  classical  two  body  problem  of  Newtonian  mechanics.  A 
set  of  13  parameters  which  are  defined  in  detail  in  Section  4  is  employed. 

Numerical  integration  of  the  central  force  field  equations  may  be  employed  to  generate  ve¬ 
locity  and  subsequent  position  but  this  mr  .  requires  both  initialization  data  on  each  satel¬ 
lite,.  a  recursive  formulation  of  the  necessary  terms  of  the  central  force  Held  equation  and 
the  need  to  transmit  the  central  force  field  acceleration  vector  in  time  as  a  data  polynomial. 
Numerical  integration  calculations  would  be  inquired  in  the  user  equipment.  Serious  con¬ 
sideration  was  not  jiven  to  this  technique  in  the  analysis. 

To  contrast  the  functional  representations  with  the  discrete  consider  the  following  example. 
The  cartesian  coordinates  could  be  defined  by  three  polynomials  with  time  as  the  independent 
variable,  One  estimate*  indicates  that  no  more  than  eight  coefficients  would  be  required  to 
cover  a  data  span  of  24  minutes.  In  this  ease,  there  would  be  24  total  coefficients  pius  the 
time  reference  tQ.  Assuming  29  bits  per  coefficient,  725  bits  maximum  would  be  required 
to  cover  24  minutes.  Also  assume  that  half  the  data  bits  are  used  for  the  ephemerls  and  that 
the  user  must  receive  th»*ee  complete  ephemerls  words  for  validation  through  majority  vote. 
By  this  calculation,  3  x  725/23  bps,  we  find  that  the  user  will  receive  24  minutes  of  orbital 
data  in  87  seconds.  The  polynomial  expansion  takes  the  form: 

F(t)  =  (((('(( A  )  t*A  )  t+A  )  t+A  )  t+A  )  t+A  )  t+A  ) t+A 

Thus,  21  multiplications  and  Zl  additions  are  needed  for  each  three  dimensional  SV  position 
to  be  computed. 

3.3  Coordinate  Frame  Definitions 

TV)  bssle  coordinate  frame  selections  are  considered  for  the  formulation  of  the  ephemerls 
data:  the  earth  tixed  coordinate  system  and  the  inertial  reference  coordinate  system. 

3.3. 1  Karth  Fixed  Coordinate  System  —  The  user  will  be  navigating  with  respect  to  an 
earth  fixed  coordinate  system  such  as  latitude  and  longitude,  northing  and  easting,  etc.  The 

*fteference  1:  Robinson.  J  V. ,  "Optimum  Interpolation  Interval  and  Order  in  Satellite 
Epheme  rides,  ”  NW'L  Technical  Report  YK-23T2,  April,  1970. 


S-4 


position  of  the  SV  emitter  must  be  defined  in  on  earth  fixed  coordinate  system  in  order  that 
range  measurements  to  tho  beacon  can  be  converted  to  a  user  position  fix.  The  advantage  of 
providing  ephemeris  data  in  earth  fixed  coordinates  is  obvious,  since  it  is  the  coordinate 
system  ultimately  required  by  tho  navigator 

3.3.2  Inertial  Reference  System  —  The  SV  orbit  is  In  an  inertial  plane  which  remains 
relatively  fixed  while  the  earth  constantly  rotates.  An  inertial  coordinate  system  is,  there¬ 
fore,  better  suited  to  describing  the  SV  position  in  space  as  a  function  of  time.  Although, 
the  user  would  have  to  convert  from  tho  inertial  frame  to  earth  fixed  coordinates  before 
computing  a  position  fix,  there  are  three  primary  advantages  to  using  the  inertial  frame. 

1)  Alert  Calculations  —  A  number  of  applications  will  require  that  future  positions  of 
each  SV  bo  computed.  For  example,  a  submarine  rising  to  take  a  position  fix  with 
minimum  exposure  time.  Accurate  alerts  also  will  be  required  for  direct  acquisi¬ 
tion  of  the  P  signal  and  for  evaluating  which  of  the  available  SV  signals  should  be 
tracked  to  minimize  GDOP.  Clearly,  alert  calculations  are  straightforwai'd  when  a 
set  of  inertial  (Kepler)  orbit  parameters  are  available;  without  them  alext  calcula¬ 
tions  are  very  difficult. 

2)  Minimize  Data  Transmission  and  Storage:  Because  the  SV  moves  in  an  inertial 
frame,  its  position  can  be  described  by  a  small  number  of  "Kepler  Parameters” 
plus  a  set  of  slowly  varying,  small  magnitude,  displacement  terras  defining  the 
SV’s  deviation  from  the  Kepler  orbit.  As  a  result,  data  storage  and  transmission 
time  is  conserved.  These  savings  may  be  important  in  extending  the  message  va¬ 
lidity  duration  before  another  up-load  is  required,  in  permitting  greater  redundancy 
in  the  received  message,  and  in  providing  message  room  for  other  satellite  Kepler 
orbit  alert  parameters. 

3)  Duration  of  Orbit  Description  —  Figure  3.  3. 2-1  indicates  that  it  would  not  be  desir¬ 
able  to  define  more  than  about  30  minutes  of  the  SV  orbit  with  three  polynomials  of 
eight  coefficients  each.  Perhaps  this  span  can  be  increased  by  interpolating 
through  non-unifovmly  spaced  orbital  positions  (Chebyehev  sampling)  so  that  a  span 
of  one  hour  may  be  achieved.  Thus,  25  coefficients  would  be  required  with  suitable 
redundancy  evex*y  hour.  By  contrast,  the  same  number  of  inertial  parameters 
would  likely  define  more  than  four  hours  of  orbit,  and  subsequent  data  requirements 
would  be  minimal. 

Use  of  inertial  coordinates  will  have  little  impact  on  the  sophisticated  user  because  of  his 
extensive  computing  capacity.  However,  the  requirement  for  converting  from  inertial  coor¬ 
dinates  to  earth  fixed  coordinates  could  be  a  substantial  burden  to  the  unsophisticated  user. 
Section  4  contains  an  evaluation  of  this  impact  as  a  fraction  of  the  basic  position  fix  calcula¬ 
tion. 
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Figure  3. 3. 2-1.  Maximum  Interpolation  Error  for  11,000  ami  Orbit  versus  Interpolated 
Interval  for  Polynomials  with  6  or  S  Coefficients 

3.4  Data  Spaas  and  Overlap 

Functional  representations  provtrle  a  capability  for  defining  the  satellite  orbit  for  an  extend¬ 
ed  interval  of  time  in  contrast  to  the  discrete  representation. 

Figure  3. 3.2-1  shows  that  there  is  a  limit  to  the  time  spar,  over  which  an  orbit  can  be  de¬ 
scribed  by  a  single  set  of  functional  parameters.  Reference  1*  examines  errors  of  fitting 
an  orbit  span  by  interpolating  through  evenly  spaced  points  to  produce  polynomials  describ¬ 
ing  earth  fixed  cartesian  coordinates.  It  is  well  known  that  a  polynomial  interpolation 
through  evenly  spaced  points  has  minimum  error  near  the  central  points  and  increasing  er¬ 
ror  toward  the  extreme  points.  The  Naval  Weapons  Laboratory  takes  maximum  advantage  of 
this  property  by  using  "central  interpolation",  i.e. ,  by  using  the  polynomial  to  desertbe  po¬ 
sition  only  with ‘a  the  central  interval.  The  maximum  error  from  this  process  is  plotted  in 
Figure  3. 3.2-1  as  a  function  of  number  of  coefficients  and  length  of  the  central  span  for 
It,  000  timi  orbit.  For  a  maximum  error  of  one  foot,  it  would  appear  that  eight  coefficients 
are  required  and  a  maximum  span  of  about  30  minutes  may  be  possible. 

•Reference  1:  Robinson.  J.  V.,  "Optimum  Interpolation  Interval  and  Order  in  Satellite 
Ephemerides. "  NWL  Technical  Report  TR-2372,  April,  19'0. 
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A  functional  orbit  representation  must  be  provided  with  overlap.  This  is  because  a  finite 
time  interval  is  required  to  acquire  and  verify  a  new  set  of  orbit  parameters,  even  assum¬ 
ing  simultaneous  and  continuous  demodulation  of  the  message  from  every  SV.  In  addition, 
most  user  equipment  will  multiplex  one  or  two  tracker /demodulator  circuits  from  one  signal 
to  the  next  in  order  to  minimize  equipment  cost.  The  result  is  that  most  users  will  demodu¬ 
late  the  message  only  part  of  the  time.  Therefore,  the  functional  description  of  the  orbit 
obtained  at  one  sample  time  must  remain  valid  at  least  until  the  user  equipment  has  the  op¬ 
portunity  to  sample  the  message  again.  It  would  be  very  unfortunate  if  all  orbit  parameters 
became  "invalid"  simultaneously.  If  central  interpolation  with  either  earth  fixed  or  variable 
portions  of  the  inertial  coordinates  is  employed  for  the  orbital  parameters,  the  functional 
parameters  will  continue  to  be  valid  and  accurate  for  a  considerable  period  of  time  after  the 
central  interval  has  been  passed  and  before  a  new  set  of  coefficients  are  received.  This 
helpful  fact  exists  because  the  interpolation  polynomial  has  zero  error  (within  roundoff), 
when  passing  through  one  of  the  interpolated  points. 

For  a  short  time  beyond  the  central  interval  the  error  will  continue  to  be  acceptably  small 
simply  because  the  polynomial  approximation  is  near  a  point  of  zoi’o  error.  This  character¬ 
istic  probably  is  sufficient  to  provide  the  necessary  overlap  from  one  functional  definition  to 
tho  next. 

4.  MECHANIZATION  COMPARISONS 

Using  the  criteria  defined  for  the  evaluation  in  section  2.3  the  following  distinct  comparisons 
are  detailed. 

4.1  Discrete  Versus  Functional  Representation 

The  comparison  result  matrix  for  the  two  distinct  forms  of  ephemeris  representation  may  be 
summarized  by  the  data  in  Table  4.  l-l.  Note  that  accuracy  is  not  included  in  this  compari¬ 
son  since  initial  accuracy  and  resolution  can  be  assumed  to  be  equal. 

4.1. 1  Functional  Mechanization  Comparison  —  The  use  of  either  a  polynomial  or  a  Kepler 
orbital  ephemeris  against  the  evaluation  criteria  is  given  in  Table  4.3. 1-1.  The  specific 
polynomial  is  estimated  to  be  an  8th  order  to  satisfy  the  accuracy  requirements.  Accuracy 
of  a  Kepler  set  of  coefficients  with  variable  parameters  at  medium  satellite  altitudes  needs 
to  be  researched  further  but  is  within  the  range  indicated  below. 

Estimation  of  the  data  word  bits  for  the  polynomial  versus  the  Kepler  orbit  is  based  on  the 
following  derivations.  An  Everetts  polynomial  (or  basically  any  other)  will  employ  words 
tor  three  dimensions  of  position  or  velocity  of 

3  (a*l)  »  words 

a  «  degree  of  the  polynomial 
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Table  4.1-1.  Representation  Comparison 


Trade 

Item 

Trade  Criteria 

RAM 

Memory 

Requirement 

Computation 

Complexity 

Data  Bits 
Required 
(Per  Satellite) 

Perishability 

Discrete 

Minimal  to 

None 

None 

100-200  for 

each  state 

2-6  Seconds 

Functional 

Up  to  200  16 
bit  words  per 
satellite 

. 

Moderate 

calculation 

500  to  1000 

20  Minutes 
to  4  Hours 

Table  4. 1. 1-1.  Functional  Comparison 


Trade 

Item 

Trade  Criteria 

RAM 
Memory 
Requirement 
(Storage  & 
Execution) 

Computation 

Complexity 

Data  Bits 
Required 
(Per  Satellite) 

Accuracy 

Perishability 

Polynomial 

Fifty  16-Bit 
words  per 
satellite 

Moderate 

No  conver¬ 
sion  required 

1000  bits  for 
each  state 

1  foot 
<  10"3 
ft /sec 

20-30  Min¬ 
utes 

Kepler 

Orbit.  : 

One- Hundred 
16-bit  words 
per  satellite 

Most  exten¬ 
sive  but  pro¬ 
vides  inher¬ 
ent  alert 
data 

500  Bits 

(1  foot) 
Unknown 
but  within 
0.05  ft/ 

see 

Up  to  4  Hrs 
Even  longer 
with  reduced 

accuracy 

Assuming  that  a  32  bit  word  resolution  is  employed  the  resultant  bit  totals  are: 

3  («+l)  (32)  «  number  of  bits 

Far  a  «  6  as  indicated  by  Reference  i  the  polynomial  technique  will  require  a  maximum  864 
bits  of  data  words.  Since  all  coefficients  do  not  require  32  bits,  the  number  of  bits  trans¬ 
mitted  is  less  than  the  maximum.  In  contrast  the  Kepler  orbit  method  is  based  on  the  utili¬ 
zation  of  13  basic  parameters  and  hence  die  data  bits  for  the  same  assumed  resolution  will 


13  (32)  =  416  bits  of  data  word 


Note  that  a  velocity  data  parameter  is  not  contemplated  slnco  the  velocity  term  can  be  de¬ 
rived  from  the  positional  variations. 

The  assumption  of  a  full  set  of  13  parameters  which  includes  the  variable  parameters  is  a 
maximum  design  concept  which  may  be  reduced  in  scopo.  By  using  the  Inertial  coordinate 
frame  to  describe  the  orbit,  it  will  be  necessary  only  to  describe  the  deviation  of  the  satel¬ 
lite  from  a  perfect  Kepler  ellipse.  With  a  12-hour  orbit,  these  deviations  will  be  very 
small  in  magnitude  and  will  change  very  slowly.  Therefore,  it  should  be  possible  to  de¬ 
scribe  these  variablo  parameters  in  a  functional  format  with  very  few  coefficients,  having 
small  magnitude,  and  maintaining  accuracy  over  a  very  long  orbit  span.  The  independent 
variable  may  bo  time,  or  it  may  be  mean  anomaly.  A  study  to  resolve  these  questions  is 
indicated. 

4.2  Supportive  Analysis 

The  following  information  represents  additional  data  relevant  to  obtaining  a  definitive  selec¬ 
tion  or  corroborating  facts  relevant  to  the  candidates. 

4.2.1  Selection  of  Specific  Polynomials  —  A  comment  or  two  may  be  in  order  concerning 
the  method  of  obtaining  the  functional  orbit  representation.  These  comments  will  bo  limited 
to  the  process  of  interpolation  to  obtain  a  polynomial  approximation  of  the  "true"  function. 
There  are  many  interpolation  methods,  e.g. ,  various  Lagrange  interpolation  formulas, 
Aitkon's  method,  Taylor  expansion,  several  Newton  difference  formulas,  Everett's 
Formula  (with  and  without  throwback),  Bessel's  formula,  Thiele's  formula,  etc.  In  addi¬ 
tion,  it  is  possible  to  interpolate  with  a  combination  of  orthogonal  polynomials,  e.g., 
Chebyehev  polynomials.  Regardless  of  the  technique,  and  regardless  of  how  the  results  may 
be  masked  to  appear  different,  "given  the  iv*T  sample  points,  the  corresponding  n'th  degree 
polynomial  passing  through  these  points  is  uniquely  (within  roundoff  errors)  determined,  re¬ 
gardless  of  how  it  is  constructed  or  the  particular  notation  used."  In  other  words,  "The 
same  sample  points  must  lead  to  the  same  polynomial".*  The  method  of  interpolation 
should  be  chosen  at  the  convenience  of  the  Ground  Control  Segment.  The  polynomial  seen 
by  the  user  equipment  will  be  the  same  regardless  of  the  method  of  derivation. 

The  use  of  Chebyehev  polynomials  has  been  suggested  as  a  method  of  interpolating  orbits.** 
It  can  be  shown  that  the  resulting  polynomial  reduces  to  a  standard  power  series  when  n+l 
sample  feints  are  used  to  obtain  an  nth  degree  polynomial.  However,  the  theory  of  Cheoy- 
chev  polynomials  does  offer  a  method  of  minimising  the  maximum  fit  error  over  a  long 

•Numerical  Methods  for  Scientists  and  Engineers,  Hamming,  R.  W. ,  McGrau  HiU,  1962. 
••Reference  2:  Corio,  A.  J.,  ‘The  Use  of  Chebyehev  Polynomials  for  Satellite  Ephem- 
eridcS.  ”  COMSAT  Technical  Review,  Vol.  2,  No.  2,  Fall  19T3. 
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interval.  This  method  requires  that  the  resulting  polynomial  be  fit  through  non-uniformly 
spaced  points  which  are  located  at  the  roots  of  the  next  higher  order  Chebychcv  polynomial. 
The  result  will  be  to  minimize  the  maximum  error  at  the  expense  of  the  overall  RMS  or 
average  error.  This  technique  runs  counter  to  the  concept  of  centi’al  Interval  interpolation, 
which  provides  overlap.  It  would  seem  profitable  to  study  and  compare  these  two  concepts. 

4.2.2  Definition  of  Kepler  Orbit  Parameters  —  A  reasonable  set  of  Inertial  or  Kepler 
orbit  parameters  are  the  following: 

Fixed  Parameters 

t  =>  time  of  perigee 

P 

n  =  mean  motion 

oj  a  argument  of  porigee 

u  =  rate  of  change  of  'j'gumont  of  perigee 

e  =  eccontriclty 

A  =  semi-major  axis 

o 

=  right  ascension  of  ascending  node 
Q  =  rate  of  change  of  right  ascension  of  ascending  node 

■  cosine  of  inclination 

A  53  right  ascension  of  Greenwich 
G 

■  sine  of  inclination 
Variable  Parameters 


correction  to  eccentric  anomaly 


AA^®  correction  to  semi-major  axis 
rj  »  out  &i  plane  orbit  component 


These  parameters  may  be  converted  to  earth  fixed  cartesian  coordinates  for  any  time  t  by 
the  following  formulas: 


t  -  t 

P 


S-10 


"N 


“k  =  ” 


+  q  sin  +  A 


A.  =  A  +  A  A, 
k  o  k 


\  =  \ (cos  h  - °> 


\  =  Ak 3ln  Ek 


0),  =0)  -  w  t, 
k  o  1  '  k 


x*  -  coa  ck  -  vk  sin 


yk  =  Uk  SUl  wk  +  Vk  C0S  “k 


Zk  =  \ 


\  =  -  V  +  0tfc 

k  o  G  t  k 


Xsk  “  *k  C°S  Bk  ~  yk  Ci  Sln  Bk  +  Zk  Si  sia  Bk 

y  ,  -  x*  sin  B,  +  y!  C  cos  B,  -  z!  S,  cos  B, 
sk  k  k  k  i  k  k  I  k 


z  ,  *  y*  S  ♦  z!  C 
sk  k  i  k  i 


As  formulated,  these  equations  require  the  following  number  of  steps: 

15  additions  or  subtractions 
22  multiplications 

7  trigonometric  (sine,  cosine)  derivations 

Performing  these  steps  manually  with  a  Hewlett-Packard  hand  calculator  would  be  quite 
feasible.  It  is  estimated  that  the  entire  proeess  could  be  completed  in  less  than  5  seconds 
by  an  HP-d5  programmable  calculator  after  entry  of  the  orbit  parameters.  Calculation  of 
subsequent  points  would  require  entry  of  only  the  new  time  t  and  the  three  new  variable 


c#-  -  -  .  .  '  • 

-  as  y-  • 
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parameters  AE|C,  AAj.,  and  In  computing  alert  coordinates,  the  variable  parameters 
would  be  ignored. 

It  is  useful  to  note  that  the  magnitude  of  the  variable  parameters  is  quite  small.  For  exam¬ 
ple,  variable  parameters  for  satellites  only  600  nmt  above  the  earth  never  exceed  tho  fol¬ 
lowing  limits: 


AE^  <  0*1  degree,  or  about  13  km 


AA^  <  10  km 

tj,  <  1  km 
k 

All  throe  parameters  can  be  transmitted  with  a  resolution  of  0. 1  meter  with  fewer  than  51 
bits  total.  For  satellites  at  an  orbital  height  of  11,000  nmi,  where  tho  effect  of  gravity 
anomalies  and  their  rate  of  change  are  many  times  less  than  at  600  nmi,  the  magnitude  of 
these  variable  parameters  will  be  greatly  reduced.  Therefore,  a  simple  definition  of  the 
parameters  as  a  function  of  time  or  of  mean  anomaly  should  suffice  for  many  hours,  and 
perhaps  for  an  entire  orbit. 

Detail  examination  of  these  concepts  would  be  a  useful  extension  to  the  present  study. 

4.2.3  Kepler  Conversion  Calculation  —  Tho  Kepler  conversion  equations  present  no 
problem  to  even  a  modest  minicomputer.  The  question  is  whether  they  represent  a  major 
burden  to  the  very  low  cost  user  equipment  with  minimal  computational  capacity.  To  deter¬ 
mine  this,  the  equations  were  coded  for  the  Intel  6090  microcomputer,  which  represents  the 
type  of  minimum  computer  power  to  calculate  a  position  fix.  This  type  of  microcomputer  is 
similar  to  those  in  the  more  sophisticated  hand  calculators. 

The  Kepler  conversion  program  assumed  availability  of  an  interpretive  "math  pack”  which 
would  perform  floating  point  arithmetic*  and  trigonometric  function,  when  called  by  single¬ 
word  pseudo-instructions.  This  technique  significantly  reduces  the  number  of  program  in¬ 
structions  required,  at  the  expense  of  a  slightly  longer  computing  time. 

The  program  requires  169  eight-bit  words  of  program  storage  in  read  only  memory  (UQM) 
and  24  eight-bit  words  of  storage  in  temporary  random  access  memory  (HAM).  The  number 


of  eaeh  class  of  instruction  and  their  execution  times  are: 

Time  Eaeh 

Time  Total 

Function 

Events 

(msec) 

(msec) 

sine/cosine 

? 

39.0 

273.0 

FED/FST 

38 

0.05 

1.9 

FAD 

8 

0.4 

3.2 
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Function 

FSB/FSR 

FMP 

Overhead 


Time  Each 

Time  Tot 

Events 

(msec) 

(msec) 

7 

0.5 

3.5 

23 

2.0 

46.0 

84 

0.07 

5.9 

333.5 


4.2.4  Basle  Navigation  Calculation  —  In  order  to  scale  the  difficulty  of  converting 
Kepler  parameters  to  earth  fixed  cartesian  coordinates,  it  Is  useful  to  consider  the  least 
complex  set  of  navigation  equations  to  bo  solved.  This  set  assumes: 


1)  A  two-dimensional  solution  is  adequate. 

2)  Only  three  pseudo-range  measurements  will  be  made  per  position  fix,  l.  e. ,  the  so¬ 
lution  is  not  over  determined. 

3)  Each  position  fix  is  independent  of  all  others  and  of  other  navigation  aids,  i.o. ,  no 
least  squares  or  recursive  filtering  will  be  employed. 


The  parameters  available  to  the  position  fix  calculation  are: 


Input  Navigation  Parameters 


x  ,  y  ,  z  »  position  of  SV  No.  1 

81  Si  Si 

x  ,  y  ,  z  =  position  of  SV  No.  2 

Sa*  Sw  Sw 

Xs3’  ys3*  Zs3  *  poSition  ot’  SV  No-  3 


0 

- 

estimate  of  navigator's  latitude 

A 

9t 

estimate  of  navigator's  longitude 

R1 

* 

measured  range  to  SV  No.  1 

112 

measured  range  to  SV  No.  2 

R3 

w 

measured  range  to  SV  No.  3 

K1 

w 

serai-major  axis  of  the  earth 

K2 

semi-minor  axis  of  the  earth 

II 

«e 

height  over  the  spneroid 
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The  minimum  complexity  position  fix  calculation  Involves  the  following  stops: 

44  add/subtract 
58  multiply/divide 
4  trigonometric  (sine,  cosine) 

4  squaro  root 

Therefore,  it  is  clear  that  the  fix  calculation  is  slightly  more  complex  than  the  conversion 
from  Kepler  to  cartesian  coordinates.  Assuming  the  following  times  to  perform  each  calcu¬ 
lation  step: 

0.4  msec  for  add/subtract 
2.0  msec  for  multi  ply/d  I  vi  do 
39.0  msec  for  trigonometric 
14.0  msec  for  square  root 

and  adding  a  3%  overhead  for  data  handling,  the  fix  calculation  will  require  356  msec  per  it¬ 
eration,  whereas  the  Kepler  conversion  required  333  msec  per  satellite.  The  total  time  per 
fix,  assuming  one  iteration  is  sufficient,  will  be  approximately  1.4  seconds  when  using  an 
Intel  8080  microcomputer,  exclusive  of  other  computer  functions  (e.  g. ,  control,  data  ac¬ 
quisition,  dead  reckoning,  etc.).  This  rate  would  seem  entirely  adequate  for  any  low  cost 
application  in  which  a  microcomputer  would  be  employed  rather  than  a  more  expensive 
minicomputer. 

Earlier  it  was  show  that  the  Kepler  conversion  program  could  be  Implemented  in  169  eight- 
bit  Intel  3080  instruction  words  exclusive  of  the  "math  pack"  subroutines.  A  reasonable  es¬ 
timate  of  the  fix  program  sue  may  be  obtained  by  the  ratio  of  the  number  of  arithmetic  steps 
(UQ/44)  times  the  Kepler  conversion  requirement  (169),  which  gives  423  eight-bit  words.  It 
would  appear  that  the  read  only  memory  (ROM)  storage  requirements  for  these  two  functions 
is  approximately: 

169  x  8  «  1352  bits  for  Kepler  conversion 
423  x  8  -  3334  bits  for  fix  calculation 
592  x  3  «  4736  bits  total  for  these  functions 

Semiconductor  ROM's  are  available  today  whieh  store  4096  bits  of  program.  Therefore,  it 
seems  likely  that  the  entire  microcomputer  program  (including  math  packs.  I/O  packs, 
etc. )  could  be  contained  an  two  or  at  most  three  till  integrated  circuit  chips. 


5.0  SELECTION 


A a  a  result  of  the  data  available  at  this  time  the  selection  of  some  specific  conclusions  and 
approaches  is  considered  below. 

5. 1  Dlscreto  versus  Functional  Recommendation 

Hie  impact  on  the  SV  or  on  tho  Ground  Control  System  of  choosing  either  the  discrete 
representation  or  the  functional  ephemeris  format  is  minimal  if  the  SV  memory  is  imple¬ 
mented  as  part  of  a  programmable  processor.  Only  through  use  of  a  programmable 
processor  will  the  option  remain  open  to  choose  either  approach  throughout  tho  Phase  I 
development  and  experimental  stages. 

The  impact  on  the  user  equipment  is  a  tradeoff  between  minimum  computational  require¬ 
ments  on  the  one  hand  and  tho  ability  to  multiplex  the  data  acquisition  process  from  one  SV 
.toihe  next  on  tho  other  hand,  thus  saving  hardware.  Considering  die  magnitude  of  tho  over¬ 
all  position  fix  calculation  and  the  rapidly  decreasing  cost  of  computational  capability,  it 
^eoras  clear  that  tho  advantages  of  tho  functional  ephomeris  outweigh  those  of  a  discrete 
position  ephemeris. 

5.2  Coordinate  Frame  Selection 

An  alert  capability  will  be  needed  for  optimum  application  of  the  GPS.  It  is  clear  that  to  be 
practical,  orbit  parameters  permitting  calculation  of  the  SV  position  hours,  days,  or  months 
in  advance  must  be  referenced  to  the  inertial  frame.  There  are  three  methods  for  providing 
inertial  parameters  for  all  GPS  SV's: 

1)  Transmit  them  by  means  other  than  the  GPS  message. 

2)  Include  them  in  addition  to  earth  fixed  parameters  in  the  GPS  message. 

3)  Transmit  only  inertial  coordinates  in  the  GPS  message,  including  other-satellite 
alert  parameters. 

Because  we  fed  that  tho  GPS  system  should  be  entirely  self-sufficient  and  not  dependent  on 
data  entry  from  other  sources,  we  recommend  against  the  first  alternative.  Because  we 
have  shown  that  the  impact  of  inertial  parameters  is  negligible  and  because  there  would 
have  to  be  two  types  of  conversion  routines,  we  also  recommend  against  the  second 
alternative. 

The  following  is  recommended: 

1)  AU  orbit  parameters  should  be  referenced  to  an  inertial  coordinate  frame. 

2)  The  transmission  of  ether-satellite  inertial  coordinates  should  be  provided  for 
system-wide  alerts.  These  may  consist  of  coordinates  for  the  ‘lead"  SV  in  each 
orbit  plane  plus  phasing  parameters  for  tire  other  satellites  in  each  plane. 


ii 


$-15 


I 


I 


f 


3)  Several  key  issues  concerning  Kepler  orbit  accuracy  at  medium  altitudes  still 
need  to  be  resolved.  Study  efforts  should  be  conducted  by  agencies  such  ?s  tho 
Naval  Weapons  Laboratory,  Aerospace  Corp. ,  or  contractor  activities  which  ate 
experienced  in  precise  orbit  determination  to  accomplish  the  following: 

a)  Establish  precision  requirements  of  each  orbit  parameter. 

b)  Determine  scaling,  functional  format,  and  functional  duration  of  the 
variable  parameters  required  to  define  position  in  the  12  hour  orbits  to 
within  0.3  to  1.0  foot  accuracy. 

c)  Compute  the  alerting  accuracy  degradation  to  be  expected  with  the  12 
hour  orbits  when  using  only  a  minimal  set  of  fixed  inertial  parameters. 

5.3  Kepler  Functional  Representation 

Results  of  tiie  initial  concept  evaluation  show  that  the  Kepler  orbital  conversion  process  is 
less  than  half  as  large  as  the  least  complex  position  fix  calculation  and  that  its  impact  on 
total  system  cost  and  complexity  is  less  than  one  integrated  circuit  of  read  only  memory 
(ROM).  It  is  concluded  that  the  impact  is  negligible  for  even  tho  least  sophisticated  GPS 
system. 

The  example  problem  derived  in  section  4.2  has  established  the  program  storage  and  com¬ 
putation  time  requirements  to  convert  Kepler  orbit  parameters  to  earth  fixed  cartesian 
coordinates.  The  evaluation  has  been  based  on  Jse  of  a  commercially  available  microcom¬ 
puter  (the  Intel  S080)  which  would  be  typical  of  the  computer  found  in  the  lowest  cost  GPS 
user  equipment.  This  level  of  computing  power  is  equivalent  to  that  provided  by  recent 
generations  of  hand  held  calculators. 


In  addition  to  determining  that  about  1352  bits  of  program  storage  will  be  required  for  the 
Kepler  conversion  reutine  sad  that  approximately  333  msec  will  be  required  per  satellite 
per  position  fix,  these  parameters  were  compared  with  the  least  complex  position  fix  calcu¬ 
lation.  The  fix  calculation  will  be  required  regardless  of  the  format  in  which  the  orbit 
positions  are  defined.  As  shown  below,  the  Kepler  conversion  requirements  are  comparable 
with  the  required  fix  calculation: 


£15. 

44 

58 

4 

4 

no 

3.3S4 


Kepler 

15 

f 

Q 

44 

1.352 


Parameter 

Add  steps 
Multiply  steps 
Trip  steps 
Square  root  steps 


356  msec  333  msec 


5-16 


Total  steps 
Hits  of  storage 
Execution  time 


The  conclusion  based  on  the  results  to  date  Is  that  although  the  Kepler  data  format  requires 
more  user  calculations  than  other  data  formats,  the  added  complexity  will  be  very  small 
when  compared  with  the  overall  cost  of  even  the  least  expensive  GPS  user  equipment.  The 
low  cost  equipment  consists  of  a  single-frequency  L-band  receiver  with  sequential  tracking 
of  three  signals  PM  modulated  at  about  ono  MHz,  coupled  to  a  modest  computer  system  with 
provision  for  display  to  and  keyboard  input  from  a  human  navigator.  For  low  cost  equipment 
a  micro  computer  (or  a  micro  processor)  will  be  employed  to  perform  the  position  fix  cal¬ 
culations.  The  use  of  Kepler  orbit  parameters  will  require  a  modest  increase  in  the  312c  of 
this  micro  processor  memory.  The  additional  memory  considered  sells  today  for  less  than 
$10  in  100  lot  quantities.  The  additional  computational  time  of  less  than  one  second  per 
position  fix  seems  negligible  for  tho  low  cost  user  for  whom  a  fix  update  every  6  to  10 
seconds  appears  to  be  more  than  adequate. 
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INTRODUCTION 


The  GPS  ephemeris  determination  procedure  is 
required  to  provide  accurate  GPS  satellite 
ephemeris  and  clock  correction  data  for 
computing  the  navigation  data  to  be  loaded 
into  the  satellites.  Ranging  data  collected  at 
four  monitor  stations  must  be  processed  and 
combined  with  reference  trajectory  data 
prepared  by  an  off  line  computational  facility 
to  produce  refined  trajectory  and  clock  update 
data  for  navigation  data  computations. 

The  GPS  satellite  complement  will 
comprise  four  satellites  in  Phase  I,  up  to  twelve 
satellites  m  Phase  II,  and  uo  to  twenty  four 
satellites  in  Phase  III.  The  ephemeris 
determination  procedure  utilized  must 
therefore  be  expandable  to  handle  the  24 
satellites  of  Phase  III.  and  must  provide 
accuracies  consistent  with  the  Phase  I  and 
Phase  1 1 1  error  budgets. 

II  OBJECTIVE 

This  trade  study  was  undertaken  '  to  identify 
the  ephemeris  determination  technique  most 
compatible  with  the  GPS  objectives  of 
maximum  legacy  with  minimum  technical  risk. 
Other  factors  considered  were: 

1.  Computational  load 

2.  Core  storege  requirements 

3.  Time  line  requirements 

4.  Ease  of  implementation 

5.  Expandability 

6.  Accuracy  requirements 

1.2  APPROACH 

The  approach  utilized  was  to  identify  the 
candidate  measurement  sets  and  data 
processing  algorithms,  perform  a  preliminary 
evaluation  to  eliminate  obviously  undesirable 
candidates  and,  finally,  to  evaluate  the 


remaining  contenders  in  terms  of  a  set  of 
weighted  "cost"  functions.  The  leading  con¬ 
tenders  were  evaluated  by  computer  simulation 
to  aid  in  the  final  selection. 

1.3  OTHER  FACTORS 

In  addition  to  the  tradeoff  on  the  various 
ephemeris  determination  techniques,  the  error 
and  force  models  used,  or  to  be  us?d,  in  the 
algorithms  were  reveiwed.  The  clock  models 
were  updated  to  be  more  representative  of  the 
real  world.  Solar  radiation  force  models  were 
postulated  for  future  analysis  tasks. 

Finally,  future  analysis  tasks  were  formu¬ 
lated  which  will  further  substantiate  the 
algorithm  selected  and  reduce  risks  in  its 
implementation. 

1.4  DOCUMENT  OUTLINE 

This  trade  study  report  comprises  eight  sec 
tions.  Section  2  reiterates  the  requirements  and 
ground  rules  on  which  this  study  was  based. 
Section  3  describes  the  candidate  measurement 
sets,  the  estimation  and  prediction  techniques, 
the  coordinate  frame  systems  traded  off.  and 
certain  pre-tradeoff  rationalizations.  Section  4 
presents  evaluation  criteria  and  the  scoring 
algorithm  for  trades  yet  to  be  made;  Section  S 
describes  the  analysis  methodology  for  these 
trades,  primarily  between  three  dnferent 
measurement  sets.  Discarded  candidate  trades 
are  serred  m  Section  6  along  with  a  discussion 
of  their  ephemeris  determination  impact  on  the 
rest  of  the  system.  In  Section  7,  some 
modeling  deficiencies  are  reviewed,  new  models 
generated  or  postulated  are  described,  and  their 
impaet  is  determined.  Section  8  Outlines  future 
analysis  tasks.  References  are  provided  in 
Section  9. 
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REQUIREMENTS 


2.1  FUNCTIONAL 

The  Master  Control  Station  (MCS)  software 
performing  this  lephemeris  generation)  func¬ 
tion  shall  be  designed  to  support  the  following: 

a.  Retrieval  of  reference  ephemeris  and 
corrected  measurement  data  file. 

b.  Processing  of  retrieved  data  to  refine 
reference  ephemeris  and  support  user  navi¬ 
gation  with  an  effective  user  receiver  ephemeris 
error  of  no  more  than  that  specified  in  the 
GPS  Error  Budget  (see  Section  2.2). 

c.  Generation  of  the  refined  ephemeris 
data  file. 

Source:  SS-GPS-/0/A.  para  3.7.3.1. 2.2.1 

The  reference  ephemeris  generation  func¬ 
tion  may  be  satisfied  by  a  Government  facility 
such  as  the  Naval  Weapons  Laboratory.  The 
software  performing  this  function  shall  be 
capable,  at  a  minimum,  of  supporting  the 
following: 

a.  Editing  of  raw  measurement  data. 

b.  Correction  of  pseudo-range  and  range 
rate  measurement  data  for  atmospheric  effects. 

c.  Generation  of  reference  ephemerides 
that  are  valid  for  at  least  14  days  for  all  GPS 
satellites.  In  this  case,  valid  means  that  the 
reference  ephemerides  are  accurate  enough  so 
that  linear  corrections  to  the  reference 
ephemerides  can  be  made  on  a  daily  basis  to 
satisfy  the  GP3  error  budget. 

Source  SS-GPS- to/ A.  para.  3.7  3.  1.2. 2. ft. 

The  MCS  software  performing  the  SV 
clock  update  function  shall  support  the 
following: 

a.  Retrieval  of  the  refined  ephemeris  file 
and  the  mas;  current  corrected  measurement 
data  file  received  from  each  SV. 

b.  Processing  of  retrieved  data  to  gener¬ 
ate  a  clock  update  (eg.,  clock  bus.  clock 


frequency  offset,  and  relativity  effect)  for  each 
SV  accurate  to  the  level  specified  in  the  GPS 
Error  Budget. 

c.  Generation  of  a  clock  update  file. 

Source:  SS-GPS-IOIA.  para.  3.7.3. 1 .2.2.2. 
2.2  DESIGN 

The  Master  Control  Station  (MCS)  and  Monitor 
Station  (MS)  real  time  system  shall  be  respon¬ 
sive  to  the  time  line  requirements  of  system 
operation  and  calibration. 

Source:  SS-GPS- 1 01  A.  para  3.3  S.ti.b. 

The  MCS  and  MS  softwara  systems  shall 
support  GPS  system  development  and  opera¬ 
tion  by  allowing  for  rapid  changes  in  software 
elements.  They  shall  tie  designed  to  minimize 
and  localize  the  impact  of  changes  or  additions 
to  the  data  base,  operational  functions  and 
non  central  hardware. 

Source:  SS-GPS-/ OJA.  para.  3.3.S.S.C. 

The  MCS  and  MS  software  system  shall 
capitalize  on  existing  software  and  software 
design  to  the  maximum  extent  possible  (con¬ 
sistent  with  system  operation  and  accuracy). 

Source:  SS-CPS-IO/A,  para.  3  3  S.S.d. 

The  elements  of  the  Control  System  Seg¬ 
ment  provide  the  SV  tracking,  information 
processing,  and  communications  needed  to  pro¬ 
vide  updating  of  each  SV  navigation  subsystem 
as  required  to  support  accurate  user  navigation. 

So ttree  SS-GPS- 1 0/ A.  para  3  7  3 

User  navigation  error  is  the  statistical  esti¬ 
mate  of  the  .rfror  in  computer  user  position 
when  the  user  is  uniformly  distributed  in  time 
and  position.  Trie  navigation  error  is  the  uncor- 
related  portion  of  the  observed  user  range  error 
multiplied  by  the  Geometric  Dilution  of  Pre¬ 
cision  (GDOP)  for  the  user's  position.  This 
uncorrelated  portion  of  the  observed  range 
error  is  ealled  “User  Equivalent  Range  Error". 

Source  SS-GPS- J O/A.  para  ft  J 
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The  GPS  error  budget  is  defined  in  terms 
of  User  Equivalent  Range  Error  iUERE).  The 
components  of  UERE  for  Phase  111  and  Phase  I 
of  the  GPS  are  shown  in  Table  2*1.  The 
Phase  I  error  budget  shall  be  applicable  for  two 
hours  after  all  SVs  are  updated.  All  values  are 
the  one  sigma  do)  errors  given  in  feet. 


Table  2-1.  GPS  Error  Budget 


Phase  III 

Phase  1 

Space  Vehicle 

Ephemeris 

5 

12 

Atmospheric  Delay 

8  to  17* 

8  to  17* 

Space  Vehicle  Group 
Delay 

3 

8 

Receiver  Noise  arid 

Resolution 

5 

5 

Multipath 

4  to  9* 

4  to  9* 

Total  R.S.S. 

12  to  21 

18  to  25 

"These  error  quantities  represent  the  use  of  dif¬ 
ferent  atmospheric  delay  correction  methods 
and  different  user  environmental  conditions. 

Source:  SS-GPS-101A.  para.  3.2.1. 

The  computational  equipment  at  the  MCS 
shall  be  sized  in  speed  and  memory  capacity  to 
support  the  operation  of  GPS  Phase  I  software. 
The  equipment  will  be  selected  to  accom¬ 
modate  expansion  to  support  the  operation  of 
twelve  (12)  closely-spaced  spaee  vehicles. 
Respondents  as  indicated  by  operational 
time  lines  for  12  SV's  shall  be  considered  in 
determining  the  needed  computer  throughput 
rate. 

Source:  SS-GPS-lOlA.  para.  3  2.12.21 

Data  transmission  between  the  Monitor 
Stations  and  the  Master  Control  Station  shall 
be  accomplished  it  th@  minimum  rate  accep¬ 
table  ‘or  providing  the  data  communications 
tor  operation  of  24  GPS  Space  Vehicles. 

Source  SS-GPS-lOlA.  ;*>.</<*  321212 


Worldwide  real-time  three-dimensional 
capability  will  be  achieved  by  deploying  addi¬ 
tional  satellites  (i.e„  three  orbital  planes  of 
eight  satellites  per  plane). 

Source:  Defense  Navigation  Satellite 

Di'velopment  Program  Joint  Program 
Office  System  Description  and  Develop¬ 
ment  Plans.  16  September  1973.  page  3. 
All  signal  rates  and  carrier  frequencies 
shall  be  derived  coherently  from  the  same 
space  vehicle  clock. 

Source:  SS-GPS-lOiA,  Appendix  II.  para. 

20.6. 

The  clock  which  is  used  to  generate  the 
navigation  signal  shall  exhibit  the  stabilities 
listed  in  Table  2-2.  Thermal  or  other  changes 
in  the  SV  electronics  group  delay  shall  not 
exceed  1  nsec  over  any  non-eclipsed  orbit 
period. 

Table  2-2.  Clock  Stability 


Time  Since 
Last 

Calibration 

(sec) 

Time  Deviation 
from 

Prediction 

(nsec) 

Maximum  RMS  RF 
Phase  Deviation 
(mrads) 

10*1 

0.01 

,60 

10° 

0.01 

250 

102 

1 

TBD 

104 

10 

T83 

10* 

100 

TB0 

Source  SS-GPS-lOlA.  Appendix  11. 
para.  20  6 


The  monitor  station  frequency  .standard 
shall  tie  a  cesium  beam  standard  (Hewlett 
Packard  Model  SO  IGA  Cesium  Beam  Standard 
with  Option  004)  exhibiting  the  following 
characteristics: 


Accuracy: 

Reproducibility 
Frequency  Stability: 


if  x  10  over  a 
temperature  range 
of  0  to  50‘C 
x  10  12 
*1  x  10’  13 
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Long-Term  Stability: 
Short-Term  Stability: 

t3  x  10-12 

Time  (Seconds) 

Frequency  Stability 

1CT3 

8.2  x  lO'IO 

10*2 

1.5  x  10-10 

10° 

5x  10-12 

101 

2.7  x  10-12 

102 

8.5  x  10-  13 

IQ3 

2.7  x  10- 13 

104 

8.5  x  10- 14 

Source:  ORB  D900Q56W .  March  5 .  /0?4 
GD/L 


2.3  GROUND  RULES 

The  following  ground  rules  were  utilized  in 
performing  the  ephemeris  determination  trade 
study: 


a.  Four  monitor  stations  (Vandenberg 
AFB,  Wahiawa,  Elmendorf  AFB,  and  Guam,) 
are  utilized  in  tracking  the  GPS  satellites. 

b.  The  off-line  computational  facility 
which  generates  reference  trajectories  shall  also 
provide  accurate  locations  for  the  four  monitor 
stations. 

c.  The  test  site  against  which  UERE  is 
evaluated  is  Holloman  AFB. 

d.  Monitor  station  time,  with  the 
exception  of  time  at  the  system  master  clock, 
is  not  required  >xterna!  to  the  GPS  system. 

e.  The  monitor  station  receivers  are  Type 
X  user  receive,  s. 
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CANDIDATE  EPHEMERIS 
DETERMINATION  ALGORITHMS 


3.1  MEASUREMENT  SETS 
The  GPS  provides  two  basic  types  of  measure¬ 
ments;  pseudo  range  based  on  the  pseudo 
random  code  modulation,  and  pseudo  range 
rate  based  on  carrier  doppler.  Other  derived 
measurements  are  also  possible,  such  as  pseudo 
range  rate  obtained  by  differentiating  code- 
derived  pseudo  ranges,  and  pseudo  range  change 
obtained  by  counting  carrier  cycles  or  frac¬ 
tions  of  cycles  over  some  specified  time  in¬ 
terval. 

Under  the  ground  rule  that  the  monitor 
station  receivers  should  be  essentially  user 
receivers  of  appropriate  classes,  receiver  capa¬ 
bilities  are  dictated  by  user  requirements.  The 
user's  requirement  for  a  precise,  rapid  position 
fix  is  met  by  providing  code  -anging  with 
two- frequency  compensation  for  ionospheric 
delays.  The  requirement  for  velocity  informa¬ 
tion  is  adequately  met  by  carrier  doppler 
measurements  without  two-frequency  compen¬ 
sation.  Therefore,  the  receivers  do  not  provide 
for  two  frequency  compensation  of  the  carrier 
tracking  delays  and  the  full  accuracy  potential 
of  carrier  tracking  is  not  available  unless  the 
receivers  are  redesigned.  Sinee  receiver  redesign 
entails  considerable  cost,  approaches  requiring 
extensive  accuracy  from  the  carrier  channels 
must  be  eharged  with  this  cost. 

Table  3  1  shows  tne  various  measurement 
sets  considered  along  with  data  on  the  number 
and  sues  of  the  solution  vectors  involved.  In 
this  fable.  S  represents  the  number  of  satellites 
in  the  system  while  M  represents  the  number 
of  monitor  stations.  When  M  is  used  as  a 
subscript  In  place  of  j.  it  denotes  the  Master 
Station  which  is  defined  as  having  a  perfect 
{reference)  elock.  For  eaeh  of  the  nine  eases 


shown  in  Table  3-1,  the  number  of  satellites,  S, 
appears  either  in  the  column  giving  the  number 
of  states  in  the  solution  vector  or  in  the 
column  giving  the  number  of  solution  vectors 
in  the  system.  The  computational  load  on  the 
computer  tends  to  vary  approximately  as  the 
square  of  the  number  of  states  in.  a  solution 
vector,  but  increases  only  linearly  with  the 
number  of  solution  vectors.  Thus  it  is  desirable 
to  avoid  large  solution  vectors  even  if  this 
means  an  increase  in  the  number  of  solution 
vectors  to  be  found. 


Table  3-/  Measurement  Sets 
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All  the  cases  diown  in  Table  3-t  involve 
tne  solution  for  the  three  dimensional  position 
ami  velocity  of  each  satellite,  the  clock  offset 
and  elock  rate  m  each  satellite,  and  the  clock 
offset  and  clock  rate  in  each  monitor  station 


except  the  master.  Fixed  biases  such  as  moni¬ 
tor  station  locations  and  gravity  harmonic 
terms  are  assumed  to  be  adequately  handled  in 
the  off-line  reference  trajectory  computation. 
It  is  recogniaed  however  that  other  satellite 
parameters  may  eventually  be  required  in  the 
state  vector  for  each  satellite,  and  therefore 
that  the  complexity  considered  here  is  a  lower 
bound. 

In  principle,  the  best  accuracy  solution 
can  be  achieved  by  exploiting  all  available 
measurements  in  a  single  large  solution  which 
takes  all  the  correlations  and  interactions  into 
account  Ca$*>  1  in  Table  3-1  is  an  approach  to 
such  a  formulation.  The  principal  degradation 
from  absolute  optimum  in  Case  1  arises  from 
neglecting  ihe  rate  measurements.  Early  work 
indicated  that  thi  quality  of  the  rate  measure¬ 
ments  was  such  that  their  inclusion  improved 
the  final  solution  accuracy  by  only  a  few 
percent  while  essentially  doubling  the  computa¬ 
tional  load.  Thus  Case  1  is  considered  as  a 
reference  for  accuracy  against  which  the  other 
cases  can  be  compared. 

From  a  computational  point  of  view, 
Case  1  is  rather  expensive  because  of  the  large 
number  of  states  in  the  solution  vector.  It  is 
already  expensive  with  the  four  satellites  of 
Phase  I,  but  it  becomes  entirely  unreasonable 
for  the  24  satellites  of  Phase  III.  Although 
Phase  1 1 1  could  possibly  be  handled  tn  a  Case  1 
manner  by  breaking  the  entire  constellation 
into  several  groupings  of  satellites,  this  is  still 
expensive  and  appears  to  have  little  advantage 
over  a  more  complete  breakdown  of  the  proo 
lem  into  single  satellite  cases,  as  m  Cases  4 
and  5.  etc.  Thus,  Case  1  is  considered  as  an 
accuracy  reference  and  the  four  satellite 
version  is  a  viable  candidate,  but  more  than 
four  satellites  is  thought  to  be  unreasonable. 

Case  2  is  somewtiat  similar  to  Case  1 
exeept  that  the  solutions  for  the  satelhte 
clocks  have  been  partitioned  mto  separate 
two  state  vectors.  This  was  done  by  using  the 
range  differences  to  each  satellite  from  two 
mnmior  stations  as  the  basic  orbital  measure 


ment,  which  now  is  independent  of  the 
satellite  clock.  Since  the  satellite  clock  solution 
is  needed  for  the  GPS  state  vector,  it  must 
then  be  determined  separately  on  the  basis  of 
pseudo  range  from  the  master  station  {perfect 
clock)  and  the  solved-for  orbit.  Although  the 
number  of  available  measurements  is  reduced 
somewhat  by  the  requirement  that  two 
monitor  stations  be  in  sight  of  the  satellite 
simultaneously,  the  accuracy  performance  of 
this  case  was  close  to  that  of  Case  1.  Although 
the  maximum  si2e  of  the  solution  vector  is 
reduced  somewhat  compared  with  Case  1,  it  is 
still  awkwardly  large,  especially  in  Phase  III. 

The  primary  cause  of  coupling  between 
the  various  satellite  orbit  solutions  is  the  fact 
that  common  monitor  clock  solutions  are  used 
for  all  satellite  solutions  and  thus  introduce 
correlations  among  the  latter.  The  Case  2 
arrangement  does  nothing  to  eliminate  this 
coupling. 

Case  3  doer  eliminate  the  coupling  of  the 
monitor  clocks  into  the  orbit  solutions.  In  this 
case,  a  single  derived  measurement  is  defined 
out  of  all  four  combinations  of  pseudo  ranges 
between  two  monitors  and  two  satellites.  The 
combination  is  such  that  all  clocks  cancel  out 
to  give  a  pure  orbit  solution.  The  satellite 
clocks  are  then  solved  for  separately  on  the 
basis  of  pseudo  ranges  from  the  Master  Station 
(reference  clock)  and  the  other  monitor  station 
clocks  are  found  by  the  use  of  pseudo  ranges 
from  them  to  the  satellites.  The  requirement 
for  simultaneous  viewing  by  two  monitors  and 
two  satellites  further  reduees  the  number  of 
measurements  available.  Tne  munnor  docks  ore 
decoupled  from  the  orbit  solutions  but  the 
orbit  solutions  themselves  are  now  tightly 
eoupteu  together  through  the  derived  measure¬ 
ments.  Although  a  slight  further  reduction  of 
the  maximum  sue  of  the  solution  vector  ts 
achieved,  it  is  still  uncomfortably  large  m 
Phase  HI  and  awkward  to  divide  further. 

Case  4  permits  a  substantial  reduction  m 
the  number  of  states  m  the  solution  vector  by 
treating  each  satellite  separately  -  as  if  the 


other  satellites  were  not  present.  The  14  states 
in  the  solution  vector  are:  the  six  elements  for 
position  and  velocity  of  the  satellite,  two  ele¬ 
ments  for  the  satellite  clock,  and  two  elements 
for  each  of  the  three  monitor  clocks.  As  more 
satellites  are  3dded  to  the  constellation,  the 
number  of  14-element  solutions  increases,  but 
the  size  or  make-up  of  these  individual  solu¬ 
tions  is  unaffected.  Both  the  strength  and  the 
weakness  of  Case  4  stem  from  the  fact  tha; 
each  satellite  solution  vector  contains  a  solu¬ 
tion  for  all  monitor  clocks  based  on  measure¬ 
ments  to  the  satellite  in  question  and  ignoring 
all  other  measurements.  Thus,  if  there  are  S 
satellites,  there  will  be  S  different  solutions  for 
each  monitor  clock,  each  one  based  on  a 
fraction  of  the  total  number  of  measurements 
made  by  the  monitor  in  question. 

When  Case  4  was  tried  in  simulation  and 
compared  with  Case  1,  it  was  found  to  almost 
match  Caae  1  in  accuracy  of  orbits,  satellite 
clocks,  and  user  navigation  errors  due  to  clocks 
and  orbits.  It  was  noticeably  poorer  in  the 
solution  for  the  monitor  clocks  because  of  the 
dilution  of  the  measurements  into  the  S  sep¬ 
arate  solutions,  but  the  system  performance  of 
the  GPS  was  not  noticeably  degraded.  If  mofe 
precise  monitor  solutions  are  desired,  these  can 
be  achieved  by  combining  the  S  separate  solu¬ 
tions  in  an  auxiliary  procedure.  However,  if 
these  combined  solutions  are  reinjected  into 
the  basic  system  solutions,  this  reintroduces 
the  coupling  between  satellite  orbits  via  the 
monitor  clock  solutions.  Thus  any  such  reinjee 
lion  must  be  done  with  care  to  avoid  upsetting 
the  statistics  of  the  mam  solution. 

Case  5  of  Table  3-1  achieves  a  further 
reduction  in  the  si.?e  of  the  solution  vector  by 
eliminating  the  multiple  solution  for  the  moni¬ 
tor  daeks  which  was  used  in  Case  4.  This  is 
accomplished  by  taking  some  liberties  with  the 
statistics  of  the  solutions.  it  is  the  correlations 
between  the  monitor  clock  solutions  and  the 
solutions  for  the  satellite  orbits  plus-docks  that 
eouyle  the  satellite  solutions  to  each  other. 
The  extent  of  ttxrse  correlations  can  be 


observed  in  the  covariance  matrix  of  the  solu¬ 
tions  for  Case  1.  Examination  of  these  correla¬ 
tions  shows  that  after  the  initial  start-up,  most 
are  less  than  10-20%  with  an  occasional  iso¬ 
lated  term  on  the  order  of  50%.  This  suggests 
that  perhaps  these  correlations  could  be 
ignored  without  substantially  degrading  the 
accuracy  of  the  final  solution,  although  the 
rate  of  convergence  might  be  decreased  some¬ 
what.  In  Case  5  this  is  done  by  setting  up  a 
basic  solution  algorithm  with  ten  states  con¬ 
sisting  of  six  orbit  terms,  two  satellite  clock 
terms,  and  two  monitor  clock  terms.  The  six 
orbit  terms  and  two  clock  terms  associated 
with  each  satellite  are  combined  into  an  eight- 
state  vector  with  a  corresponding  8x8 
covariance  matrix  and  placed  on  a  "bookshelf" 
in  memory  along  with  2-state  clock  vectors  and 
corresponding  2x2  covariance  matrices  for 
each  of  the  monitor  stations  (other  than  the 
master).  Each  pseudo-range  measurement 
invol/es  one  satellite  and  one  monitor  station. 
For  a  measurement,  R^,  the  8-state  vector  and 
8x8  covariance  matrix  for  the  il>1  satellite  are 
picked  from  the  "bookshelf"  along  with  the 
2-state  vector  and  2x2  covariance  matrix  for 
the  jl>  monitor.  These  are  combined  into  a 
10-state  vector  with  corresponding  covananee 
matrix  and  the  R,j  measurement  is  applied  to 
produce  an  improved  estimate  3fter  which  the 
results  are  again  broken  into  S-staie  and  2-state 
pteees  and  replaced  on  the  “bookshelf"  where 
they  are  available  for  the  next  measurement 
With  this  arrangement,  coupling  between 
various  satellite  orbns  occurs  on  a  sequential 
basis  through  the  eommon  use  of  the  monitor 
solutions;  but  the  eross  correlations  between 
monitors  and  satellites  within  any  one  measure 
ment  are  ignored.  The  degree  of  approximation 
involved  m  doing  this  becomes  smaller  es  more 
satellites  are  added  to  the  constellation  because 
a  single  mens  tfement  is  less  ably  to  influence  a 
monitor  clock  estimate  that  is  already  weighted 
by  measurements  from  many  other  sawllttes. 
When  this  case  was  simulated  w»-:h  four  sate! 
files,  the  eovartanee  estimates  looked  very 
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favorable  but  the  estimated  residuals  exhibited 
some  initial  transients  which  pushed  the  moni¬ 
tor  clocks  into  erroneous  estimates  from  which 
they  recovered  only  very  slowly.  On  the  other 
hand,  performance  was  good  once  the 
transients  died  out  and  the  preliminary 
attempts  at  speeding  up  the  convergence 
appear  to  be  promising.  Case  5  can  be  seen,  in 
principle,  to  be  almost  equivalent  to  Case  4 
with  reinjection  of  the  combined  monitor 
clock  solutions  at  every  step.  However  Case  5 
is  more  efficient  because  of  the  smaller  state 
vector,  provided  the  convergence  can  be 
improved. 

Case  6  is  somewhat  like  Case  5  except 
that  different  measurements  are  used  and  the 
8-state  and  2-state  vectors  are  not  combined 
into  10-state  vectors.  The  8-state  satellite 
orbit  and-clock  vector  is  solved  by  the  use  of 
pseudo  range  rate  measurements  and  pseudo 
ranges  from  the  master  station.  The  latter  are 
needed  to  set  the  satellite  clock  phase  and  they 
strengthen  the  orbit  solution.  This  scheme 
recovers  quickly  from  the  initial  transient 
because  the  use  of  rate  measurements  involves 
one  less  integration  in  the  solution  ioop  than  is 
the  ease  with  the  pseudo  range  measurements 
of  Case  5.  The  principal  drawback  to  Ca*;  6  is 
the  fact  that  in  order  to  get  adequate  accuracy 
in  the  orbit  solution,  the  pseudo  range  *ate 
accuracies  must  be  of  the  order  of  5  millifeet 
per  second  or  belter  and  this  would  require  a 
redesign  yf  the  user  receiver.  Thus  it  represents 
an  expensive  solution  to  the  problem. 

Case  7  is  a  cross  between  Cases  2  and  (a.  1 1 
has  the  same  accuracy  problem  as  Case  6.  and 
is  slightly  inferior  because  two  range  rate 
measurements  are  combined  >«to  each  range 
rate  difference  measurement. 

Case  8  is  entirely  analogous  to  Case  6. 
except  that  effective  rates  are  obtained  through 
differences  of  ranges  taken  at  different  times 
tnstead  of  direct  differentiation  of  carrier  data, 
if  the  time  intervals  are  long  enough,  adequate 
accuracy  is  achieved  in  spite  of  the  relatively 
large  errors  of  the  individual  pseudo  range 


measurements.  Thus,  the  advantages  of  Case  6 
are  achieved  wdhout  the  requirement  for  an 
expensive  receiver  redesign.  Simulation  results 
show  good  transient  recovery  and  an  accuracy 
which,  although  adequate,  is  inferior  to  that 
obtained  with  pseudo  ranges  directly. 

Case  9  is  analogous  to  Case  7.  Although  it 
would  undoubtedly  perform  acceptably,  it  does 
not  offer  enough  advantages  over  Case  8  to  be 
worth  the  additional  complication. 

3.2  REFERENCE  TRAJECTORY 
The  question  here  is  whether  or  not  to  split 
the  overall  orbit  determination  process  into 
two  parts,  one  consisting  of  the  computation 
in  a  laboratory  environment  of  a  long-term 
reference  orbit,  and  the  other  consisting  of  an 
on-line  refinement  of  this  orbit  estimate  (on 
the  basis  of  current  field  measurements)  to  a 
quality  suitable  for  the  navigation  application. 

The  GPS  orbit  determination  t3sk  involves 
the  prediction  of  very  precise  satellite 
ephemerides  and  atomic  clock  calibrations  on 
the  basis  of  intermittent  field  measurements 
which  compare  the  readings  of  satellite  borne 
clocks  with  others  on  the  ground.  Th«  refined 
orbits  must  be  obtained  to  high  precision  and 
used  to  update  the  system  on  an  on  line  basis, 
ineluding  calibration  of  the  docks.  At  the  same 
lime  a  very  precise  dynamic  model  is  required 
in  order  to  yield  the  needed  predic lability  of 
the  orbits. 

The  use  of  a  longterm  reference  tra¬ 
jectory  permits  these  two  entieal  aspects  of  the 
problem  to  be  spin  up  into  an  off  line  labora¬ 
tory  handling  of  the  latter  along  with  an 
on  line  refinement  process  Since  the  "know¬ 
how"  and  software  for  precise  dynarme 
modeling  and  long-term  orbit  determination 
already  exist  at  installations  such  as  the  Navai 
Weapons  Laboratory,  a  considerable  savings  in 
software  development  cost  and  on-line  com 
puler  requirements  can  be  achieved  in  Phases  I 
and  it  of  the  GPS  program  by  using  this 
existing  capability 

On  the  basis  of  measurements  from  the 
field,  the  NWl  facility  would  periodically 
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generate  a  long-term  reference  trajectory  using 
a  very  detailed  force  model  to  include  all  the 
fine-grain  perturbations  which  might  be 
expected.  Although  this  trajectory  will 
gradually  drift  away  from  tne  true  trajectory  it 
will  retain  the  hne-grain  short-term  behavior  of 
the  true  trajectory  so  that  it  can  be  used  as  an 
interpolating  function.  Furthermore,  it  may  be 
used  in  this  capacity  until  its  deviation  from 
the  true  trajectory  grows  to  the  point  whore 
second  order  perturbation  terms  cease  to  be 
negligible.  This  condition  holds  for  deviations 
up  to  1000  feet  or  so  and  should  make  the 
reference  trajectory  useable  for  several  weeks. 

The  off-line  reference  trajectory  compu¬ 
tation  can  account  for  detailed  gravity  models 
including  earth  zonal  and  tessaral  harmonics, 
sun,  moon,  etc.,  as  well  as  such  fixed  param¬ 
eters  as  the  locations  of  the  monitor  station 
antennas.  Drag  should  be  negligible  at  the  GPS 
altitudes  but  solar  radiation  pressure  is  critical. 
The  latter  will  need  to  be  carefully  modeled  - 
to  the  order  of  1%  or  so  for  Phase  III.  The 
parameters  affecting  the  force  on  the  satellite 
from  solar  radiation  flux  are  no  better  known 
during  the  on  line  tracking  phase  than  they 
were  when  the  reference  trajectory  was 
generated.  Therefore  the  modeling  of  this  force 
should  also  be  made  a  part  of  the  off  line 
compulation. 

The  reference  trajectory  emanates  from 
some  epoch  time.  t0.  from  which  the  dynamic 
model  i;  integrated  m  detail  to  yield  the 
trajectory,  projected  into  the  future.  At  the 
same  time,  va-'iational  equations  are  integrated 
to  yield  partial  derivatives  of  the  trajectory  a; 
any  later  time.  t.  with  fespect  to  conditions  at 
the  epoch  time.  As  long  as  the  refined  tra 
factory  computed  by  the  on  line  facility  stays 
within  the  linear  range  of  the  -eferenee 
trajectory  {1000  feet  or  sol.  points  at  different 
times  along  the  refined  trajectory  can  be 
related  to  each  other  through  the  use  of  these 
partial  derivatives  and  the  reference  trajectory. 
This  technique  achieves  the  desired  relation 
ships  to  the  full  detail  of  the  dynamic  mode! 


used  in  the  integration  of  the  reference  trajec¬ 
tory  without  requiring  any  integration  at  all  by 
the  on-line  facility.  Thus  the  on-line  computa¬ 
tion  is  relieved  of  the  necessity  of  evaluating  or 
integrating  the  detailed  force  model  and  can 
concentrate  on  its  on-line-  functions. 

A  two-way  interface  is  required  between 
the  on-line  and  off-line  facilities.  The  on-line 
facility  collects  the  field  measurements  and 
uses  them  to  refine  the  reference  trajectory  in 
terms  of  a  "prediction  for  tomorrow"  or  per 
haps  somewhat  longer.  It  also  periodically  for¬ 
wards  these  measurements  to  the  off-line 
facility  (e.g.,  once  a  day).  The  off-line  facility 
processes  these  measurements  for  several  days 
or  weeks  and  periodically  (e.g.,  once  every  two 
weeks)  issues  a  new  long-term  reference  trajec¬ 
tory.  This  is  forwarded  to  the  on-line  facility 
for  day-by  day  refinement. 

During  the  first  phase  of  the  GPS  program 
the  activity  level  of  the  off-line  reference 
trajectory  computation  should  be  low  enough 
to  be  absorbable  in  the  existing  NWL  facility 
without  senous  interface  problems.  During  the 
third  phase,  the  level  of  activity  and  interface 
will  *ise  to  a  point  where  it  would  probably  be 
more  feasible  to  provide  the  off  line  capability 
alongside  the  on  line  facility.  The  ba»ic  soft¬ 
ware  design  used  in  Phases  I  and  I!  could  be 
retained.  Phase  II  represents  an  in-between  ease 
with  a  moderate  wens,  load  and  the  handling  of 
this  phase  should  depend  on  the  availability  of 
the  necessary  resoufees  at  NWL- 

A  possible  difficulty  with  the  separate 
feferenee  trajectory  in  Phase  I  and  perhaps 
Phase  1 1 ,  could  arise  out  of  station  keeping 
operations.  It  may  be  assumed  that  such 
operations  would  be  preplanned  and  wovkl  be 
included  if*  the  reference  trajectory  supplied 
prior  to  performing  the  maneuver.  A  typical 
station-keeping  maneuver  may  consist  of  a 
single  impulse  of  approximately  1  ft/see.  in 
approximately  the  direction  of  the  velocity 
vector.  The  uncertainty  with  which  this 
•mpulse  can  oe  applied  determines  how  rapidly 
the  trajectory  weft  deviate  from  the  predicted 
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one.  For  example:  let  the  magnitude  of  the 
impulse  he  controllable  to  within  0.1%;  let  the 
attitude  of  the  earth  pointing  axis  be  known  to 
within  10  milliradians;  and  let  the  yaw  attitude 
be  known  to  within  25  milliradians.  This  yields 
velocity  uncertainties  in  the  down-range, 
vertical,  and  cross-range  directions  of  0.001, 
0.01,  and  0.025  ft/sec,  respectively.  The  cor¬ 
responding  maximum  partial  derivatives  of 
position  within  the  next  24  hours  with  resnect 
to  the  above  velocity  errors  are  25,000, 
28,000,  and  7000  ft  per  ft/sec,  respectively. 
Tne  maximum  position  uncertainties  within  the 
next  24  hours  due  to  the  three  components  of 
velocity  error  are  then  250,  280,  and  175  ft. 
For  additional  days,  these  maximum  deviations 
may  increase  at  a  rate  no  greater  than  linear. 
This  will  still  cause  a  deviation  of  the  trajec¬ 
tory  out  of  the  linear  neighborhood  of  the 
reference  trajectory  within  a  few  days.  Thus  a 
new  reference  trajectory  will  probably  be 
neaded  within  a  few  days  of  each  station¬ 
keeping  maneuver. 

3.3  KALMAN  VERSUS  BATCH 
With  the  small  state  vectors  involved  in  the 
most  attractive  measurement  sets  of 
Section  3.1,  the  amount  of  arithmetic  involved 
in  the  solutions  becomes  almost  trivial  and  this 
ceases  to  be  a  significant  factor  in  the  choice 
of  Kalman  versus  batch  processing. 

More  pertinent  is  the  behavior  of  the 
solutions  in  the  two  techniques,  particularly  in 
the  presence  of  process  noise.  If  the  process 
noise  is  very  low  so  that  a  long  span  of  data 
can  be  included  in  a  single  bateh.  then  the 
batzh  process  works  very  well.  If.  on  the  other 
hand,  the  process  noise  is  somewhat  higher,  a 
dilemma  develops  in  the  batch  process.  If  the 
data  span  is  too  tong,  the  state  veetor  changes 
from  one  end  of  the  span  to  the  other  du*  to 
process  notse.  so  that  measurements  at  the  two 
ends  of  the  span  are  not  measuring  the  same 
thing  and  the  accuracy  of  the  solution 
decreases.  On  the  other  hand,  if  the  span  cs  too 
short,  there  may  not  be  enough  exercise  of 
system  parameters  (e.g..  geometry)  Over  the 


span  to  permit  the  separation  of  some  o\  the 
similar  parameters  in  the  solution.  In  this  case 
the  H^WH  matrix  becomes  nearly  singular  and 
cannot  be  accurately  inverted. 

In  a  Kalman  filter  there  need  ncvi-  be  a 
singular  matrix  to  invert  and  high  process  noise 
is  handled  very  naturally  by  the  addition  of 
the  Q  matrix  to  the  projected  covariance 
matrix.  This  has  the  effect  of  exponentially 
de-weighting  or  “forgetting"  old  measurements 
in  proportion  to  their  current  age  and  the 
amount  of  process  noise  present  Thi?  exponen¬ 
tial  forgetting  function  is  sometimes  approxi¬ 
mated  in  batch  processing  by  adding  a  fraction 
of  the  results  of  the  previous  batch  to  the 
estimate  of  the  current  batch  in  a  process 
called  recursive  batching.  It  can  be  done  in  a 
way  which  makes  >t  mathematically  identical 
to  the  forgetting  function  in  a  Kalman  filter; 
this  is  rather  expensive  computationally  and  is 
usually  only  approximated.  Without  recursive 
features,  the  batch  process  assumes  zero 
process  noise  within  the  batch  but  no  memory 
to  data  outside  the  batch.  For  a  continuous 
process,  the  exponential  weighting  is  more 
reasonable  unless  the  process  noise  is  very  low. 

In  the  GPS  solution  veetor  there  are  two 
kinds  of  parameters:  orbit  parameter,  and 
clock  parameters.  The  process  noise  for  the 
orbit  parameters  must  be  kept  very  low  if  the 
orbits  are  to  be  adequately  predictable  into  the 
future.  Furthermore,  at  the  GPS  altitudes  there 
is  essentially  no  drag  and  the  gravity  terms  are 
very  computable.  The  principal  remaining 
uncertainty  is  sola,  radiation  pressure;  attempts 
will  be  made  to  predict  this  as  accurately  as 
possible  so  as  to  minimize  the  orbital  process 
noise.  The  period  of  a  GPS  orbit  with  respect 
to  the  set  of  monitor  stations  on  the  rotating 
earth  is  24  hours.  Thus,  a  24  hour  batch  will 
contain  essentially  all  the  exercise  of  geometry 
available  to  the  system  so  that  there  is  no  need 
to  extend  a  batch  to  longer  than  24  hours 
except  to  take  advantage  of  data  accumulation 
from  day  to  day.  Such  accumulation  could  be 
aecomp'tshed  with  a  recursive  batch  process 


with  daily  batches.  This  is  particularly 
appealing  since  the  plan  is  to  load  the  state 
vector  of  “tomorrow's  orbit  prediction"  into 
the  satellite  only  once  a  day  so  that  a  daily 
batch  solution  wouid  fit  well. 

However,  the  situation  is  complicated  by 
the  clocks.  Although  atomic  clocks  are 
remarkably  stable,  in  terms  of  the  requirements 
for  GPS  their  process  noise  is  rather  high.  For 
example,  a  clock  whose  frequency  is  accurate 
to  within  one  part  in  10^  can  drift  enough  in 
24  hours  to  cause  an  error  of  102  feet  in 
pseudo-range  measurement.  This  is  clearly  not 
negligible  when  compared  with  measurement 
instrument  errors  of  just  a  few  feet.  Further¬ 
more,  these  clock  parameters  affect  all  the 
system  measurements.  Although  orbital  solu¬ 
tions  are  needed  only  once  a  day,  measure¬ 
ments  are  occurring  throughout  the  day  and 
these  measurements  need  clock  corrections. 
Therefore,  clock  solutions  are  needed  more  or 
less  continuously  through  the  day  instead  of 
just  once  as  for  the  orbits.  This  is  a  situation 
which  clearly  favors  the  Kalman  filter  on  two 
counts  -  high  process  noise,  and  continuous 
output  requirement. 

It  migbi  appear,  then,  that  the  most 
appropriate  approach  is  to  use  a  Kalman  filter 
for  the  ciocks  and  a  recursive  batch  for  the 
orbits.  This  is  indeed  possible  for  Case  3  where 
*5rbit  solutions  are  isolated  from  the  clocks, 
but  not  in  the  other  cases  stnee  the  same 
measurements  apply  to  both  the  orbits  and  at 
least  some  of  the  c  loess.  Even  for  Case  3  the 
use  of  a  batch  orbit  is  of  questionable  merit 
because  the  batch  solution  is  not  available  until 
the  end  of  the  data  span.  Since  the  continuous 
clock  solution  needs  to  work  its  measuremee  ts 
against  an  orbit  solution  and  today's  orbit 
solution  will  not  be  available  until  the  end  of 
tire  day,  today's  clock  solution  is  forced  to 
work  agamst  an  orbit  solution  extrapolated 
from  yesterday.  Thus  the  clock  solution  is 
always  working  against  orbit  data  based  on 
measurements  which  are.  on  the  average, 
24  hours  eld  instead  of  always  using  orbit 


information  ba*ed  on  the  latest  measurements 
as  wouid  be  the  case  with  Kalman  orbits.  If 
the  orbits  are  stable  enough  (low  process  noise) 
this  may  not  make  much  difference,  but  it 
seems  to  be  an  unnecessary  penalty,  however 
small,  for  no  real  benefit. 

One  possible  drawback  of  the  Kalman 
formulation  might  be  the  potential  for  drift  of 
the  solution  due  to  numerical  processes  in  the 
filter  computations.  This  is  more  of  a  problem 
with  Kalman  filters  than  with  batch  processes 
because,  whereas  in  the  latter  the  past  measure¬ 
ments  enter  the  current  solution  explicitly, 
with  the  Kalman  filter  their  effect  is  carried 
only  implicitly  as  accumulations  of  the  terms 
in  the  state  vector  and  associated  covariance 
matrices.  Thus  a  very  large  number  of  opera¬ 
tions  have  been  performed  on  old  measure¬ 
ments  before  they  are  finally  applied  to  cur- 
mnt  results.  In  the  current  application,  the 
number  of  operations  is  minimized  by  'he  use 
of  smalj  state  vectors.  At  the  same  time,  if  it 
should  prove  to  be  desirable,  it  would  be 
possible  to  greatly  improve  the  accuracy  of  the 
Kalman  fiber  by  using  a  square  root  formula¬ 
tion.  Although  this  causes  some  increase  in  the 
amount  of  computation  required,  it  is  still  not 
a  critical  facte  because  of  the  small -size  of  the 
state  vectors  being  used. 

.14  PARTIAL  DERIVATIVES  AND  STATE 
VECTORS 

There  are  two  baste  types  of  partial  deriv  stives 
in  the  on-line  processing  operation,  namely, 
measurement  partial*.  M.  and  propagation 
partial*,  o.  if  X  is  the  Peered  n- state  soMion 
vector,  toe  matrix  of  measurement  partial*  is 
defined  as: 

0m  ^mit 

H  *  mxn;  H  -  •  .  (Uni 

dX  }  3k 

where  fti  is  the  m-  component  vector  of 
available  measurements.  If  the  measurements 
are  ispphed  one  at  a  time,  the  W  matrix  is  used 
one  row  at  a  time  as  tne  row  matrix  H;;.  The 
complexity  of  the  terms  of  H  depends  on  the 
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nature  of  X  and  m.  For  the  GPS,  the  partial  of 
current  clock  offset,  r  with  respect  to  pseudo 
range  is  simply +1  for  satellite  clocks  and  -1 
.  for  monitor  clocks.  Similarly  the  derivative  of 
clock  rate,  f,  with  respect  to  pseudo  range  rate 
is  +1  and  -1  for  satellites  and  monitors 
respectively.  The  cross  terms  between  clock 
offsets  and  range  rates  and  vice  versa  are  zero. 
The  clock  partials  are  seen  to  be  very  simple 
and  straightforward. 

In  the  case  of  orbital  measurement 
partiais,  however,  there  are  several  choices 
which  may  have  considerable  effect.  The  basic 
measurements  are  again  pseudo-range  and  range 
rate  but  there  are  several  choices  as  to  how  to 
characterize  the  orbit  in  the  solution  vector. 
Let  XQ  represent  the  orbital  portion  of  the 
state  vector  and  HQ  =  dm/dX0.  HQ  takes  on  its 
simplest  form  when  X0  is  expressed  as  the 
current  position  and  velocity  of  the  sellite  in 
a  coordinate  system  fixed  in  the  rotating  earth. 
In  this  case,  the  position  portion  of  the  H0jj 
for  a  pseudo-range  measurement  from  the  jth 
monitor  to  the  ith  satellite  is  simply  the  unit 
vector  along  the  line  joining  the  two  points. 
The  partial  of  pseudo  range  with  respect  to 
velocity  is  zero.  The  partials  of  pseudo  range 
rate  with  respect  to  XQ  are  somewhat  more 
complex  but  they  are  still  purely  geometric 
and  easily  computed  vector  functions. 

An  alternate  possibility  would  be  to  repre¬ 
sent  the  orbit  as  current  R  and  V  in  inertial 
coordinates.  This  requires  that  a  time- 
dependent  earth  rotation  transformation  be 
applied  either  to  the  M  matrix  above,  or  to  the 
monitor  station  locations  used  in  the  solution. 

A  further  alternative  would  be  to  repre¬ 
sent  the  orbit  in  the  state  vector  as  the  current 
orbit  propagated  back  in  time  to  some  previous 
epoch  time  tQ.  At  epoch,  it  might  be  repre- 
sen  sated  in  terms  of  R  ft0)  and  V  ft0)  or  as 
some  set  of  orbital  elements  at  tQ.  The  defini¬ 
tion  of  as  the  values  at  epoch  requires  that 


the  H  matrix  now  also  involve  the  propagation 
partials  0  (t0,  t)  which  relate  the  orbit  param¬ 
eters  at  tQ  with  those  at  t.  An  advantage  of  the 
use  of  XQ  at  epoch  is  that  t  now  becomes  a 
constant  so  that  the  orbit  solution  becomes  a 
solution  for  a  constant.  This  is  a  requirement 
for  a  batch  solution  but  is  optional  in  a 
Kalman  formulation.  When  the  state  vector  is 
defined  at  an  epoch  in  a  Kalman  filter,  the 
propagation  of  the  state  vector  from  one  time 
point  to  the  next  reduces  to  an  identity. 

If  current  orbital  positions  and  velocity 
are  desired  from  the  epoch  solution,  they  must 
be  propagated  by  means  of  the  dynamic  mocal 
from  the  solution  at  epoch  to  the  current  time. 
In  the  case  of  a  representation  with  a  re^eren.  5 
trajectory  as  described  in  Section  3.1,  the 
propagation  need  be  applied  only  to  deviations 
from  the  reference  trajectory.  If  those  arc  small 
enough  to  satisfy  linearity  constraints,  the 
propagation  of  these  deviations  can  be  carried 
out  by  means  of  the  propagation  partial  deriva¬ 
tives.  p  (tQ.  t).  Thus,  both  the  state  sector  and 
the  covariances  can  be  propagated  by  use  of 
the  reference  trajectory  and  the-  corresponding 
set  of  partial  derivatives.  These  are  both  pro¬ 
vided  by  the  off -line  ’aciiity  gnd  represent  all 
that  the  on  line  facility  needs  for  the  detailed 
dynamic  model. 

let  0  (tj,  tj)  represent  the  partial  deriva¬ 
tives  which  propagate  a  deviation  from  the 
reference  trajectory  from  time  to  t2-  In 
principle,  such  partials  can  be  used  to  relate 
any  two  points  along  a  trajectory  which  is 
close  to  the  reference  trajectory.  With  a 
detailed  force  model,  the  computation  of  the 
partial  derivatives  is  a  major  operation.  This  is 
carried  put  by  the  off-line  facility  and  supplied 
along  with  the  reference  trajectory.  $  (tj.  tj)  is 
a  function  of  two  variables  and  would  be  very 
cumbersome  so  produce  and  transmit  in  its  fufl 
extent.  Therefore,  the  off-line  facility  reduces 
it  to  a  function  of  a  single  variable  by  limiting 
to  the  eppeh  time. 


Thus,  at  any  time,  t,  there  is  published 


In  the  batch  process  used  by  the  CELEST 
program  at  the  NWL,  these  are  exactly  the 
partial  derivatives  needed  to  propagate  the 
measurement  partials  to  the  epoch  point  and 
to  propagate  the  epoch  solutions  to  other 
points  in  the  future  where  predictions  are 
needed. 

If,  for  some  reason  a  partial  derivative  is 
needed  for  propagation  from  ta  to  where  ta 
is  not  tQ  this  may  be  computed  by 

»*o«b>  »So«b> 

•MV'b»  ’  aX0iy  *  3X0(t0)  '  SX0(ta) 

"  »(t0.;b>  .XV'a11*’ 

This  involves  a  6  x  6  matrix  inversion  and 
a  matrix  multiply  of  two  6x6  matrices. 

If  it  is  desired  to  solve  for  the  orbit  in  a 
Kalman  filter,  as  described  earlier,  while  using 
data  from  NWL  to  avoid  handling  th$  detailed 
dynamic  model,  it  becomes  necessary  ta  use 
the  NWL  reference  trajectory  along  with  suit¬ 
able  partial  derivatives  for  propagating  the  soly 
lion  from  point  to  point.  Consider  the  case 
where  the  orbital  solution  vector  consists  of 
the  latest  estimate  of  current  RU>  and  Vd). 
There  are  actually  two  levels,  of  reference 
trajectories  available  and  two  corresponding 
tasks  for  orbit  propagation  partial®.  The  long¬ 
term  reference  trajectory  f*om  NWL  has 
already  been  described  It  extends  from  some 
epoch.  tQ4  over  a  span  of  several  weeks.  The 
true  trajectory  remains  within  a  thousand  feet 
or  so  of  this  trajectory  so  that  linearity 
assumptions  are  valid.  Once  a  day  the  on-line 
facility  must  predict  »  refined  trajectory  with 


accuracy  suitable  for  the  navigation  application 
and  extending  at  least  one  day  into  the  future. 
This  refined  trajectory  prediction  is  obtained 
by  using  the  NWL  propagation  partials  to 
propagate  the  most  recent  estimate  of  the 
required  corrections  to  the  NWL  reference  tra 
jectory  over  the  desired  time  span.  If  the  NWL 
partials  are  to  be  used  directly  for  this 
purpose,  then  the  orbit  solution  must  be 
defined  in  terms  of  R  and  V  or  orbital 
elements  at  the  NWL  epoch  time,  tQ.  It  could 
either  be  defined  there  originally  and  solved  in 
that  domain  or  it  could  be  solved  in  some 
other  domain  and  transformed  there  prior  to 
the  prediction  operation. 

In  order  to  maintain  accuracy  with  the 
above  approach  when  there  is  a  several  week 
interval  between  tQ  and  the  current  time,  \  it 
is  necessary  to  be  very  careful  when  handling 
the  solution  in  the  epoch  domain  and  during 
the  transformation  to  and  from  epoch.  This  is 
because  the  large  derivatives  arising  from  the 
secular  terms  can  cause  a  serious  loss  of  preci¬ 
sion  unless  care  is  taken  to  prevent  it.  A 
possible  alternative  approach  is  that  of  staying 
in  the  current  time  doma  n  and  propagating 
the  latest  estimate  ahead  for  a  day  or  more  on 
the  basis  of  computed  partials  o(t0,t)  * 
^tQ.tg)!’1.  Inversion  would  be  carried  out 
only  once  a  day  but  the  matrix  multiple 
would  be  needed  for  each  predicted  time  point. 
The  significance  of  this  problem  has  not  really 
been  eliminated  with  tins  approach  but  it 
has  beers  concentrated  into  the  subroutine  which 
computes  the  modified  partial®.  plta,t).  and 
does  not  involve  the  rest  of  the  process.  If 
the  partial®  are  accurate  un  the  first  place  end 
their  conversion  to  the  la  epoch  is  carefully 
earned  out,  accuracy  should  be  maintained. 

The  other  point  in  the  process  where 
propagation  partials  are  used  is  in  the  solution 
for  the  best  estimate  of  the  orbit.  With  the 
usual  Kalman  for  mutation,  the  orbit  solution 
would  be  m  terms  yt  the  current  ft(t)  and 
V(tk  Once  a  measurement  is  processed,  the 
solution  is  propagated  to  the  next  measure- 
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merit  time  by  means  of  the  partial  derivatives 
0(t,t  +  r).  To  do  this  with  the  NWL  partials 
involves  going  through  the  inversion  and  matrix 
multiple  at  each  measurement  time.  For  6x6 
0  matrices  this  is  not  a  very  substantial  task. 

There  are,  however,  several  other  alterna¬ 
tives.  Tho  first  is  to  define  the  orbit  solution 
X0  in  terms  of  a  daily  epoch,  ta.  By  choosing 
the  daily  epoch  as  the  time  ta,  from  which  the 
daily  prediction  is  propagated,  the  converted 
partials  used  for  prediction  can  also  be  used 
for  the  subsequent  solution  by  using  them  with 
the  geometric  H  matrix  to  propagate  the 
measurements  to  the  daily  epoch.  The  orbit 
solution  itself  need  not  be  propagated  during 
the  solving  process  since  it  remains  defined  at 
ta.  This  approach  should  not  be  confused  with 
a  batch  process.  It  is  a  Kalman  solution,  con¬ 
tinuously  updated.  The  only  difference  is  that 
the  solution  is  referenced  to  ta  instead  of 
current  time,  t.  Any  time  a  current  solution  is 
desired  at  time  t  it  can  be  obtained  by  simply 
multiplying  the  solution  by0(ta,t). 

Another  approach  which  permits  XQ  to  be 
defined  in  current  time  without  continually 
converting  NWL  partials  consists  of  doing  a 
standard  current-time  Kalman  solution  and 
using  simple  two-body  partial  derivatives  to 
propagate  the  solution  between  measured 
times.  This  approach  has  a  chance  because  the 
deviations  being  propagated  can  be  kept  very 
small.  Ouring  each  day,  not  only  is  the  NWL 
reference  trajectory  available  but  the  predicted 
trajectory  transmitted  to  the  satellites  tor  the 
navigation  application  is  also  available.  The 
true  trajectory  must  stay  within  a  very  few 
feet  of  this  predicted  trajectory  in  order  to 
fulfill  the  navigation  requirements.  Thus,  if  the 
solution  is  developed  in  terms  of  deviations 
from  the  predicted  navigation  trajectory,  these 
deviations  will  always  be  very  small  so  that  the 
partial  derivatives  which  operate  on  them  need 
not  be  highly  accurate. 

Preliminary  analysts  has  shown  the 
pi'tncipa!  terms  of  the  partial  derivatives 
beyond  two-body  to  be  the  second  aonai 


harmonics,  with  2nd  order  tesserals  and  higher 
zonals  and  tesserals  down  by  at  least  a  factor 
of  100.  The  seriousness  of  neglecting  the  con¬ 
tribution  of  the  second  zonal  harmonics  to  the 
0  partials  was  investigated  by  integrating  the 
second  zonal  harmonic  terms  of  the  variational 
equations  over  a  24-hour  period  and  plotting 
the  results.  Plots  were  made  for  GPS  type 
orbits  with  a  variety  of  starting  points  to 
ensure  that  all  pertinent  cases  were  covered.  It 
was  assumed  that  the  deviations  to  be 
propagated  would  not  exceed  30  ft  and 
0.003  ft/sec  with  respect  to  the  precision  orbit 
predicted  for  navigation  purposes.  These  devia¬ 
tions  were  then  multiplied  by  the  maximum 
values  of  the  plotted  integrals  to  get  the  maxi¬ 
mum  error  build-up  within  24  hours  due  to  the 
neglect  of  the  second  zonal  harmonics  in  the  0 
partials.  The  maximum  orbital  position  error  so 
obtained  within  24  hours  was  0.28  ft  and  the 
maximum  velocity  error  obtained  was 
2.8  x  10~5  ft/sec.  These  are  both  insignificant 
within  the  context  of  the  daily  orbit  refine¬ 
ment  operation.  Since  there  are  many  measure¬ 
ments  each  day,  these  will  correct  for 
accumulating  errors  so  that  no  consideration 
need  be  given  to  error  build-up  beyond 
24  hours.  Predictions  of  future  orbits  are  not 
affected  since  they  would  still  be  done  with 
the  precision  partials  supplied  by  NWL. 

3.5  COORDINATE  FRAMES 

There  are  two  basic  coordinate  frames  inherent 

in  the  orbit  determination  process: 

a.  An  earth-fixed  set  of  coordinates  is 
needed  sinee  the  measurinq  instruments  are 
fixed  in  the  earth  and  the  measurements  are 
originally  made  in  the  earth-fixed  system. 

b.  An  inertial  set  of  coordinates  is  needed 
for  handling  the  dynamics  of  the  satellite  since 
the  basic  equations  of  motion  act  with  respect 
to  such  a  non-rotating  coordinate  frame. 

A  choice  most  be  made  as  to  which 
coordinate  frame  is  to  be  used  for  the  least- 
squares  solution  in  the  orbit  determination 
process.  This,  however,  is  also  tied  up  m  the 
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question  of  whether  to  define  the  orbital  solu¬ 
tion  in  terms  of  current  time,  as  is  the  usual 
practice  with  Kalman  filters,  or  in  terms  of  some 
sort  of  epoch  as  is  more  usual  in  batch  process¬ 
ing.  A  choice  of  earth-fixed  or  inertial  coordi¬ 
nates  is  also  available  when  predicting  the 
"trajectory  for  tomorrow"  to  be  placed  in  the 
state  vector  transmitted  to  the  satellites. 

In  principle,  the  various  cases  are  mathe¬ 
matically  equivalent,  but  they  do  involve  dif¬ 
ferent  amounts  of  computation  and  they  may 
have  some  effect  on  the  required  precision  with 
which  the  computations  must  be  carried  out. 
The  main  impact  of  the  choices  is  in  the 
computation  and  application  of  the  various 
partial  derivatives  needed  for  system  operation. 
This,  in  turn,  is  strongly  affected  by  the  fact 
that  NWL,  which  supplies  the  long-term 
reference  trajectory  and  propagation  partials  can 
supply  the  trajectory  in  either  earth- fixed  or 
inertial  coordinates.  The  corresponding  partials 
are  partials  of  position  and  velocity  in  the 
corre*ponding  (earth-fixed  or  inertial)  coordi¬ 


nate  system  at  time  t,  with  respect  to  orbital 
elements  or  position  and  velocity  in  inertial 
coordinates  at  epoch  time,  tQ. 

Table  3-2  shows  some  of  the  m^re  perti¬ 
nent  possibilities.  Three  sets  of  partials  must  be 
computed: 

a.  Partials  to  propagate  the  solution  vector 
from  one  measurement  time  to  the  next 

b.  Partials  to  relate  the  solution  vector  to 
the  measurements 

c.  Partials  to  project  the  final  solution 
ahead  for  a  day  or  more  for  use  in  the  navigation 
application. 

Table  3-2  shows  seven  or  eight  possibilities 
for  each  of  these  three  sets  of  partials,  depend¬ 
ing  on  the  various  choices  of  coordinate  systems 
and  epochs.  Each  bin  of  the  table  contains  an 
expression  for  the  required  orbit  partial  deriva¬ 
tive  in  terms  of  defined  and  available  parameters 
to  show  the  process  involved  in  forming  the 
derivatives.  In  the  lower  left  comer  of  each  bin 
is  a  number  indicating  approximately  the  num- 
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ber  of  multiplications  involved  in  forming  that 
type  of  orbit  partial  from  the  available  inputs.  In 
the  case  of  the  measurement  partials,  the  num¬ 
bers  given  are  for  pseudo-range  measurements. 
Other  types  of  measurements  increase  these 
numbers  somewhat.  In  the  lower  right  corner  of 
each  bin  is  a  number  showing  the  number  of 
multiples  involved  in  applying  the  partial  to  the 
orbit  determination  process  wherever  this  num¬ 
ber  is  not  the  same  for  all  cases.  In  general,  these 
numbers  of  multiples  are  required  for  eaph  point 
in  the  process  at  which  the  partial  is  applied. 

Three  solution  epoch  cases  are  shown  in 
Table  3-2: 

a.  A  current  running  solution 

b.  a  daily  epoch  solution 

c.  the  NWL  epoch  solution 

The  current-time  solution  yields  the  simplest 
measurement  or  H  partials,  particularly  in  earth- 
fixed  coordinates.  With  the  current-time  solu¬ 
tion,  the  solution  propagation  partials  must 
propagate  from  the  time  of  one  measurement  to 
that  or  the  next.  NWL  partials  all  propagate 
from  the  NWL  epoch  to  some  time,  t.  Thus,  an 
inversion  and  matrix  multiply  is  required  at  each 
measurement  time  to  convert  NWL  partials  into 
a  form  useable  In  the  current- time  mode. 

When  working  against  an  accurate  reference 
trajectory  (e.g.,  yesterday's  prediction  for 
today's  navigation)  the  solution  propagation 
partials  are  accurate  enough  if  computed  by 
two-body  mechanics.  However,  a  one-day  pre¬ 
diction  against  the  NWL  reference  trajectory  is 
of  marginal  accuracy  with  two-body  paftials  and 
a  prediction  of  more  than  one  day  is  definitely 
inadequate.  Thus,  the  NWL  partials  are  needed 
in  any  case  for  the  current  solution  modes. 
Furthermore,  the  computation  of  two-body 
partials  involves  more  work  than  the  eonversk  - 
of  the  NWL  partial*.  Therefore,  the  two-body 
partials  do  not  appear  to  offer  any  overall 
benefit. 

In  the  current-time  mode.  »he  solution 
propagation  partials  must  be  used  to  compute 
the  a  X  propagation  of  the  orbit  solution  vector 
and  also  tl«e  pP  propagation  of  the 


covariance.  These  add  up  to  468  multiples  per 
measurement  time  as  shown  in  Table  3-2.  If,  on 
the  other  hand,  the  solution  is  carried  out  at  the 
NWL  epoch  or  either  of  the  daily  epoch  modes, 
the  above  propagations  of  the  solution  from 
measuiement  to  measurement  drop  out.  The 
least  overall  computation  is  invr*^  i  »/ith  the 
NWL  epoch  because  the  NWL  p :  ire  then 

directly  applicable  to  the  orbit  prediction  func¬ 
tion,  the  solution  propagation  operation  drops 
out,  and  the  measurement  partials  involve  a 
mere  41  multiples  per  measurement. 

The  daily  epoch  cases  are  basically  similar 
except  that  the  NWL  partials  must  be  converted 
to  shift  the  reference  point  from  the  NWL  epoch 
to  the  daily  epoch  point.  As  before,  this  requires 
a  6  x  6  inversion  plus  the  product  of  two  6x6 
matrices.  The  inversion  is  done  for  the  epoch 
point  and,  thus,  is  common  to  an  entire  day's  set 
of  partials.  It  is  therefore  done  only  once  a  day 
and  has  accordingly  been  omitted  from  the 
multiply  count.  The  modified  prediction  partials 
also  constitute  the  major  portion  of  the  meas¬ 
urement  partie'  computation.  Thus  the  measure¬ 
ment  partials  require  only  an  additional  41  or  83 
multiples  per  pseudo-range  measurement 
depending  on  whether  earth-fixed  or  inertial 
NWL  partials  are  being  used. 

With  a  solution  at  an  epoch,  whether  daily 
or  NWL.  no  c>P  ^  operation  is  required.  How¬ 
ever.  there  may  be  a  heed  to  operate  on  the  Q 
matrix  to  make  it  represent  the  dynamic  process 
noise  in  orbit.  Sinee  the  dynamic  uncertainties 
apply  to  the  vehicle  where  it  is  in  orbit,  this,  in 
principle,  needs  to  be  propagated  back  to  the 
epoch  before  addition  to  tire  covariance  matrix 
of  the  solution.  If  this  propagation  should  turn 
out  to  be  necessary  in  practice,  the  partial  is  the 
inverse  of  vhe  one  used  for  predictions.  This 
partial  is  indicated  by  the  to’1)  in  the  appro¬ 
priate  boxen  of  Table  3-2.  The  numbers  in 
parenthesis  in  the  lower  left  corners  are  the 
number  of  multiples  required  for  the  6x6 
inversion  while  those  in  the  lower  right  comers 
are  the  number  of  multiples  required  to  imple¬ 
ment  the  o'  ^  on  the  assum  ption  that  Q  is 
diagonal. 
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The  NWL  epoch  solution  with  earth-fixed 
coordinates  for  the  prediction  is  the  most 
efficient  computationally,  requiring  only  41 
multiples  from  Table  3-2  if  the  Q  propagation  is 
ignored  or  581  if  it  cannot  be  ignored.  When  the 
measurement  times  are  far  from  the  epoch 
however,  the  secular  terms  of  the  partial  deriva¬ 
tives  tend  to  cause  high  correlations  between 
positions  and  velocities  at  the  epoch  and  these 
could  possibly  have  a  detrimental  effect  on  the 
numerics  of  the  solution.  If  this  should  turn  out 
to  be  serious,  one  of  the  daily  epoch  solutions 
could  be  used  instead.  The  daily  epoch  solution 
totals  257  or  795  multiplies  per  measurement 
depending  on  whether  or  not  Q  is  propagate*-,. 
Simulation  studies  have  shown  that  if  the 
epoch-to-current-time  interval  does  not  exceed 
one  day,  the  Q  can  be  applied  at  current  time  or 
at  epoch  with  nearly  equivalent  results  so  that  0 
need  not  be  propagated.  On  the  other  hand,  if 
the  interval  extends  to  many  days,  the  secular 
terms  in  the  propagation  partials  cause  fixed  Q's 
at  epoch  to  reflect  increasingly  large  uncer¬ 
tainties  into  the  current  time  estimate.  Thus  the 
use  of  the  NWL  epoch  demands  the  use  of 
propagated  Q's  whereas  daily  epochs  permit  the 
use  of  unpropagated  Q's  applied  directly  to  the 


epoch  solution.  We  are  thus  left  with  257 
multiples  per  time  point  with  the  daily  epoch 
and  582  multiples  per  time  point  with  the  NWL 
epoch. 

On  the  other  hand,  since  the  Q's  are  very 
small  they  could  be  accumulated  and  applied  to 
the  solution  at  infrequent  intervals  (e.g.,  every  3 
hours)  and  treated  as  zero  ar.  other  times.  With 
such  an  approach  the  Q  propagation  becomes 
less  significant  and  the  NWL  epoch  solution 
again  becomes  the  minimum  computation  case. 
The  problem  of  high  correlation  between  posi¬ 
tion  and  velocity  at  the  NWL  epoch  remains, 
however.  It  is  therefore  recommended  that  the 
daily  epoch  solution  be  used  but  that  the  on-line 
computer  be  sued  to  permit  the  handling  of  the 
current-time  solution  since  this  is  not  a  severe 
extra  demand  and  it  would  permit  the  handling 
of  any  of  the  viable  alternatives.  Since  it  is 
desired  to  provide  the  user’s  state  vector  in 
terms  of  slowly  varing  two-body  orbital  ele¬ 
ments,  these  must  be  based  on  inertial  R  and  V. 
Thus  the  prediction  should  be  done  into  inertial 
coordinates.  This  can  best  be  done  with  the 
inertial  NWL  partials  and  this,  in  turn,  leads  to 
an  inertial  solution  at  the  daily  epoch. 
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4 

EVALUATION  ALGORITHM 


Given  the  system  candidates,  the  next  step  was 
to  define  and  describe  the  criteria  by  which  they 
could  be  evaluated.  This  section  describes  the 
evaluation  criteria,  a  cost  function  for  each 
criterion,  and  a  weighting  function  for  each  of 
the  various  criteria. 

4.1  EVALUATION  CRITERIA 

We  can  partition  the  criteria  into  essentially 
independent  groups  as  follows: 

•  Computer  impact 

•  System  accuracy 

•  System  convergence 

4.1.1  COMPUTER  IMPACT  -  Since  each 
system  candidate  defines  a  distinct  set  of  com¬ 
puter  systems  necessary  and  sufficient  to  accom¬ 
plish  it  most  efficiently,  the  aim  here  is  only  to 
describe  those  general  criteria  which  have  a 
sizable  influence  on  the  type  of  computer 
system  ultimately  chosen.  In  no  particular  order, 
these  may  be  described  as: 

«  Expandability 

•  Time  line 

•  Core  size,  word  length,  cost  (hardware) 

•  Mechanizational  simplicity  (software) 

Expandability  -  Expandability  measures  the 
candidate  system's  ability  to  handle  more  satel¬ 
lites  without  serious  impact  on  the  computer.  In 
handling  24  satellites  Instead  of  four,  some 
changes  must  be  made  to  the  computer  no 
matter  what  the  candidate  ts.  Handling  24 
satellites  should  require  more  memory,  more 
computing  time,  and  some  programming 
changes.  To  this  extent,  expanding  any  candi¬ 
date  i©  handle  more  satellites  will  affect  the 
computer  used.  “Serious  impact"  would  indicate 
a  radical  change  to  tie?  computer  sueh  as  a 
different  CPU.  a  targe  increase  in  memory 
requirements,  an  increase  in  computing  speed  or 
memory  access  requirements,  massive  pro 


gramming  changes,  or  even  a  whole  new  com¬ 
puter  system. 

Time  Line  -  This  criterion  measures  the  candi¬ 
date's  ability  to  get  the  job  done  or.  *ime.  GPS 
system  computing  requirements  are  not  constant 
as  a  function  of  time.  There  will  be  times  when 
the  computer  is  idle  and  times  (e.g.,  just  before 
satellite  uploading)  when  it  has  a  large  workload. 
The  time  required  to  do  this  peak  load  work  is  a 
function  of  both  the  computer  and  the  candi¬ 
date.  8y  being  capable  of  doing  some  of  th^ 
peak  load  work  during  idle  time  or  simplifying 
peak  load  requirements,  the  system  candidate 
can  ease  computer  speed  snd  size  requirements; 
this  capability  wilt  ba  measured  by  the  time  line 
criterion. 

Core  Size.  Word  Length,  Cost  t Hardware’  -  In 
general  terms  this  deals  with  a  candidate's 
hardware  impact.  Different  candidates  may 
require  or  be  most  suitable  to  different  hardware 
configurations  -  snecific  word  lengths,  a  certain 
number  of  registers,  varying  amounts  of  RAM 
end  ROM  memory,  a-ftd  so  forth.  The  guiding 
criteria  here  will  be  hardware  costs.  Those 
candidates  that  can  handle  the  general  Phase  I 
and  li  requirements  at  the  least  hardware  east 
should  have  preference’  weighting, 

Mechanizations!  $  implicit-  (Software)  -  In  this 
ease  the  general  subject  is  software  cost.  A 
candidate  that  is  straightforward  as  far  as  pro 
gramming.  checkout,  maintenance,  and  ease  of 
modification  are  concerned  must  be  considered 
preferable  to  one  that  requires  fewer  words  but 
more  work  and  worry.  An  overall  indication  of 
software  cost  is  as  important  as  an  overall 
indication  of  hardware  cost. 

4.1.2  SYSTEM  ACCURACY  -  According  to 
the  system  specification,  accuracy  is  more 
important  than  computer  cost.  On  the  other 
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hand,  it  appears  that  several  of  the  candidate 
systems  will  be  capable  of  attaining  the  required 
system  accuracy.  In  this  case  the  topics  of 
expandability  and  time  line  dominate  the  selec¬ 
tion  process.  Definite  advantage  must  be 
awarded  to  candidates  that  offer  the  greatest 
accuracy  but  any  candidate  that  meets  the 
specified  accuracy  must  be  considered 
acceptable.  To  this  end  there  are  two  essentially 
different  types  of  accuracy  to  be  considered: 
user  and  ephemeris. 

User  Accuracy  —  The  system  specification  deals 
most  directly  with  user  accuracy  or  user  equiva¬ 
lent  range  error  (UE RE).  As  such  it  recognizesa 
baste  difference  between  the  accuracy  of  the 
satellite  orbit  arid  clock  determinations  and  their 
effect  cn  the  user.  If  the  satellite  parameters 
coulo  be  determined  exactly,  the  two  would  be 
equiva’ent;  but  a  large  error  in  satellite  orbit 
need  not  reflect  a  large  error  to  the  user. 
Geometries  have  a  sizeable  affect  on  the  portion 
of  satellite  orbit  errors  that  the  ,;ser  sees.  Since 
the  GPS  system  is  dedicated  to  user  accuracy, 
what  the  user  sees  is  the  most  important  part  of 
the  system.  The  candidates  that  afford  greatest 
user  accuracy  will  take  precedence  over  all 
others  in  terms  of  system  accuracy. 

Epheiueris  Accuracy  -  G iven  -he  import ance  of 
user  accuracy,  ephemeris  accuracy  cannot  be 
negioeted  entirely.  User  accuracy  in  Phase  I  is 
limited  to  the  test  site  and  may  be  considerably 
better  than  ephemeris  accuracy  since  the 
measurement  directions  which  are  pertinent  to 
the  user  have  been  measured  by  the  monitor 
stations.  Cofi-elations  which  wete  unresolvabhr 
from  the  monitor  stations  are  similarly  indis¬ 
tinguishable  to  the  user  because  of  his  relatively 
similar  geometry  3nd  do  not  add  much  error  \o 
his  sol;  it  ton.  These  unresolved  correlated  errors, 
however,  change  their  inter  relationships  at 
different  points  tn  the  orbits;  they  may  sdd 
substantially  to  the  errors  experienced  by  a  user 
at  some  location  far  from  the  test  site.  Thus, 
although  ephemeris  errors  per  se  are  not  critical 
m  Phases  l  and  H.  they  do  have  a  probable 


consequence  for  Phase  III  and  should  be 
minimized  in  the  choice  of  a  solution  technique. 

4.1.3  SYSTEM  CONVERGENCE  -  When  a 
satellite  is  first  placed  in  orbit  or  when  a 
station-keeping  maneuver  is  undertaken,  there  is 
a  larger  positional  uncertainty  than  when  orbit 
estimation  has  been  going  on  for  some  time. 
Each  candidate  must  recognize  this  increased 
uncertainty  and,  over  a  period  of  time,  eliminate 
it.  The  length  of  time  a  candidate  requires  to 
reduce  a  relatively  large  uncertainty  (the  con¬ 
vergence  time)  indicates  how  soon  after  a 
directed  maneuver  the  system  can  be  expected 
to  be  within  specified  tolerances.  For  some 
candidates  convergence  time  will  be  a  few  hours, 
for  others  it  may  be  several  days.  Suboptimal 
candidates  whose  convergence  times  may  be 
tong  enough  to  be  a  problem  must  be 
deweighted. 

4.2  COST  FUNCTIONS 
The  cos*  function  for  a  given  criterion  is  a 
guideline  for  measuring  each  of  the  system 
candidates  against  that  criterion.  Each  cost 
function  will  have  similar  form.  There  will  bo 
three  gross  levels  of  “cost"; 

•  Unacceptable  (-  > 

•  Giadable(O) 

•  Completely  acceptable  (♦) 

4.2.1  UNACCEPTABLE  (->  -  This  will  be 
taken  to  mean  that  the  candidate  “fails"  this 
requirement.  It  does  not  necessarily  imply  that 
the  candidate  could  not  be  improved  with 
respect  to  this  criterion.  R  jther.  it  ts  meant  to 
imply  that  other  candidates  are  enough  better 
itor7'  the  standpoint  of  performance  and 
simplicity  to  warrant  disregarding  this  candidate 
because  of  it. 

4.2.2  GRA0ABIE  (0>  -  Where  unacceptable 
would  imply  prohibitive  “cost**,  gradabie  wilt 
mean  that  a  candidate's  performance  to  this 
criterion  is  acceptable  but  differ*  from  the 
performance  of  other  candidates.  As  soeh.  this 
difference  tn  acceptable  performance  is  a  basis 
for  comparison.  After  a  preliminary  evaluation 
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of  all  candidates,  a  second  evaluation  will  be 
performed  to  assess  and  compare  toecific  dif¬ 
ferences.  A  final  evaluation,  recognizing  that 
there  is  no  clearly  objective  way  to  measure 
intrinsic  merit,  will  adjudicate  their  comparative 
impact  on  the  system. 

4.2.3  COMPLETELY  ACCEPTABLE  (♦)  - 
This  category  reflects  >»  candidate's  acceptability 
beyond  which  no  further  gradations  of  merit 
make  sense.  Completely  acceptable  candidates 
may  differ  in  their  performance  on  a  given 
criterion,  but  the  differences  are  no  longer 
meaningful  to  differentiation. 

4.2.4  INDIVIDUAL  COST  FUNCTIONS  -  For 
each  of  the  seven  criteria  described  in  Section 
4.1,  a  corresponding  cost  function  is  described 
below. 

Expandability  Cost  Function  -  All  system 
candidates  are  easily  expandable  in  that  none 
requires  complete  rastructurnri  to  accommodate 
24  satellites.  Each  will  handle  an  arbitrary 
number  of  satellites  with  simple  parameter 
changes.  The  major  differences  arise  when  con¬ 
sidering  whether  the  changes  necessary  to 
accommodate  24  satellites  require  increase  of 
the  solution  vector  size  or  cardinality.  Computa¬ 
tion.  accuracy,  and  memory  requirements 
increase  linearly  with  the  number  of  solution 
vectors  but  increase  something  like  the  square  of 
the  solution  vector  sue.  The  former  is  com¬ 
pletely  acceptable  and  the  fatter  is  unacceptable 
in  going  from  4  satellite*  to  24. 

Time  Line  Cod  Function  —  The  time  line 
requirements  are  in  one  sense  «  subset  of  the 
expandability  requirement.  Any  increase  m  tne 
number  of  computations  affects  the  computer's 
ability  to  get  all  of  the  computation*  done  on 
time.  Tn  the  extent  that  mefeased  number  of 
computations  cannot  be  spread  out  over  the 
time  tme.  the  increase  has  a  direct  effect  on  the 
time  Hne.  Actual  time  line  ~eosi“  i*  most 
directly  tied  to  the  solution  vector  me.  Rough 
calculations  for  various  computer  candidates 
indicate  that  solution  vectors  of  dimension  50 
are  approaching  saturation  of  the  current- time 


line.  Since  current  candidates  are  well  under  this 
value  anything  over  it  will  be  considered 
unacceptable.  £ny  candidates  with  solution 
vectors  of  dimension  10  or  less  are  completely 
acceptable  and  anything  up  to  20  will  easily  fit 
the  time  line. 

'Hard  rare’  Cost  Fun*,  - on  -  The  ephemeris 
determination  computations  are  by  no  means 
the  only  responsibility  of  the  Master  Control 
Station  computer.  In  general,  the  final  computer 
selected  for  the  MCS  should  allow  some  martjin 
for  the  ephemeris  determination  hardware 
impact.  Within  that  tolerance  all  candidates 
should  be  completely  acceptable  and  any  candi¬ 
date  that  requires  extra  hardware  should  be 
unacceptable.  In  general,  the  candidate  requiring 
the  least  hardware  will  be  enough  similar  in 
hardware  impact  to  the  several  closest  compet¬ 
ing  candidates  that  this  is  a  reasonable  cost 
function. 

In  order  to  separate  the  problem  of 
expanding  the  hardware  to  accommodate  24 
satellites  from  the  problem  of  sizing  the  Phase  ! 
computer,  the  former  will  be  addressed  by  the 
expandability  cost  function  and  only  the  latter 
will  be  measured  by  the  ‘hardware*  cost 
function. 

•Software*  Cost  Function  -  This  function 
attempts  to  measure  the  ‘eosC  of  programming  a 
given  candidate.  It  will  include  subjective  trade¬ 
offs  between  the  size  of  the  program  required 
and  the  mechanizational  simplicity  of  the  pro¬ 
gram  in  terms  of  checkout  and  modification 
ease.  In  general,  all  candidates  will  tend  to 
require  approximately  the  same  s»ze  program 
and  major  software  costs  will  be  influenced 
mainly  by  how  simply  the  candidate  can  be 
described  and  programmed.  Any  candidate 
requiring  excessive  contingencies  or  decision 
processes  will  be  de- weighted.  Only  a  candidate 
that  requires  very  special  and  complex  software 
capabilities  or  a  mum  larger  program  will  be 
considered  unasceptoule. 

User  Accuracy  C»«*  Function  -  Any  candidate 
producing  a  user  equivalent  range  error  greater 
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thari  the  system  specification  limit  for  Phase  I  of 
12  fee?  is  certainly  unacceptable.  All  others  are 
acceptable  and  can  be  ordered  between  0  and  12 
feet  so  that  a  UERE  half  as  big  as  another  is 
worth  twice  as  much  Since  the  OPS  system  is 
dedicated  to  user  aco:.acy,  very  good  user 
accuracies  should  be  weighted  accordingly. 
Ate~-aew;s  beuer  than  the  Phate  III  specified 
bmit  «vi'i  judged  compieteiv  at  -  stable. 

Eplt««’efjs  Cost  Fwsctto.i  -  tic-  Sfecific  require- 
msr  s  are  placed  on  the  actual  dibit.  determina¬ 
tion  accuracies.  However,  in  genern,  they  will 
correspond  fairly  closely  in  ranking  to  the 
UERE  accuracies.  Since  they  will  be  used  in 
general  to  choose  between  candidates  with 
similar  UERE  accuracies,  a  linear  cost  function 
based  on  a  simple  numerical  comparison  of 
results  should  be  entirely  sufficient. 

System  Convergence  Cost  Function  -  Any 
candidate  that  requires  several  days  for  con¬ 
vergent  will  be  unacceptable.  Some  candidates 
may,  in  their  simplest  form,  take  several  days  to 
converge,  but  with  modifications  can  be  made 
fat  the  expense  of  mechanizations!  simplicity) 
to  bring  their  convergence  behavior  to  accepta¬ 
ble  limits.  In  th»s  case  their  convergent  behavior 
will  be  said  to  be  acceptable  lor  gradable)  ami 
the  associated  complexity  will  show  up  in  the 
‘software'  cost  function. 

Any  candidate  whose  convergence  to 
within  reasonable  tolerances  occurs  within  two 
days  on  start-up  or  one  day  on  a  station-keeping 
or  related  maneuver  will  be  classified  completely 
acceptable. 

4  3  SCORING  ALGORITHM 

Given  inner-criterion  costs  hr  e^th  candidate  on 

each  criterion  there  must  still  be  some  method 


of  determining  how  important  a  specific  evalua¬ 
tion  criterion  is  to  the  overall  system.  This  is 
again  a  very  subjective  evaluation  but  most 
evidence  indicates  that  computer  system  impact 
(particularly  in  going  to  24  satellites)  is  slightly 
more  important  than  system  accuracy  (since  all 
three  final  candidates  appear  to  be  capable  of 
meeting  accuracy  specifications).  Alt  other  cri¬ 
teria  are  essentially  equal  and  much  less 
important  than  these  two. 

Assuming  all  cost  functions  are  normalized 
to  the  same  scale  (arbitrarily  at  5  for  'com¬ 
pletely  acceptable'  candidates),  observe  what 
assigning  equal  weight  to  each  criterion  does: 

a.  Since  expandability,  time  line,  and 
hardware  all  have  essentially  to  do  with  a 
candidate's  impact  on  the  physical  computer 
system,  this  tends  to  weight  that  impact  by 
three  times  the  weight  given  any  other  single 
criterion. 

b.  Since  user  and  ephermeris  accuracy 
combine  to  define  the  system  accuracy,  this 
tends  to  weight  the  system  accuracy  at  two- 
thirds  the  computer  system  impact  and  at  twice 
that  of  any  other  criterion. 

c.  T ne  two  remaining  criteria,  convergence 
rate  and  mechanizations!  simplicity,  have  only  a 
2/7  effect  on  the  entire  system  and  are  weighted 
equally. 

Since  these  results  correspond  fairly  welt  to  the 
subjective  impacts  implied  above,  the  scormg 
algorithm  will  be  assigned  an  equal  weight  for 
eae.n  evaluation  criterion. 
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ANALYSIS  OF  CANDIDATES 


Measurement  set  candidates  were  analyzed  and 
evaluated.  A  preliminary  analysis  using  the  -  /C/+ 
grading  system  was  employed  to  reduce  the 
number  of  candidates.  Remaining  candidates 
were  evaluated  qualitatively  and  quantitatively 
in  some  detail.  The  final  evaluation,  however,  is 
delineated  in  Section  7. 

5.1  PRELIMINARY  ANALYSIS 
Table  5-1  summarizes  the  results  of  a 
preliminary  analysis  of  the  nine  measurement 
sets  described  in  Section  3.  Those  candidates 
with  minuses  were  dropped  from  further  con¬ 
sideration;  the  following  subsections  describe 
the  analyses  leading  to  these  decisions.  Compu¬ 
ter  simulations  were  performed  to  aid  in  the 
evaluation  of  the  more  viable  candidate 
ephemens  determination  procedures.  The  error 
budget  utilized  in  the  simulations  is  described  in 
“Contract  Definition  Final  Report  for  Global 
Positioning  System  Cont^ol/User  Segments," 
Volume  II.  System  Error  Performance.  CS/UE 
Definition  Contract  F04701  73-C-0293,  General 
Dynamics  Electronics  Division.  April.  1974.  The 
simulation  program  results  were  obtained  in  the 
form  of  plots  to  facilitate  rapid  analysis.  Exam¬ 
ple  plots  are  shown  in  Figures  5-1  through  §9. 
Quantities  plotted  are  the  differences  between 
the  simulated  real  world  and  the  filter  estimates 
of  typical  solve-for  parameters  as  a  function  of 
time.  For  each  parameter,  the  square  root  of  the 
appropriate  diagonal  element  of  the  solution 
covariance  matrix  is  plotted  as  an  envelope 
defining  the  expected  errs?  of  the  solution. 

$l\  FULL  SIMULTANEOUS  PSEUUO 
RANGE  -  This  is  the  most  optimal  aceuraey 
solution  Ail  orbits  and  ctpcks  are  solved  simul¬ 
taneously.  The  results  of  simylatidfte  done  for 
this  ease  served  a*  a  bascltne  for  comparison 
wrth  the  simulations  of  other  candidates.  The 
computation  for  this  ease  w«it  satisfy  the  time 
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line  for  ’base  I  but  the  corresponding  solution 
vector  for  24  satellites  would  require  a  different 
computer  system  for  handling.  Suboptimizing 
this  case  by  solving  for  two.  three,  or  four 
satellites  at  a  lime  (for  Phase  I  it)  appeared 
promising  but  dkl  not  produce  sufficient 
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Figure  5-2.  Velocity  error  of  satellite  5. 

improvement  over  other  suboptimizations  to 
warrant  the  increased  workload. 

5.1.2  R4NGE  DIFFERENCES  -  Range  dif¬ 
ferences  from  two  monitors  to  a  single  satellite 
give  a  solution  independent  of  the  satellite's 
clock.  These  clocks  can  then  be  solved  as  a 
separate  calculation  involving  pseudo-range 
measurements  from  the  master  station  to  the 
satellite. 


Figure  j'j  Time  base  error  in  clock  in  satellite  5 


Figure  5-4.  Time  base  rate  error  in  clock  in 
satellite  .?. 

Simulations  were  run  on  this  case  using  a 
30-state  solut:on  vector  and  results  closely  paral¬ 
leled  those  for  the  full  38-state  case.  The  major 
drawback  at  this  stage  was  that,  though  the 
computational  load  was  decreased,  it  was  not 
decreased  enough  to  handle  24  satellites  using 
the  same  technique.  Attempts  were  made  to 
separate  the  satellite  solutions  but  the  strong 
coupling  through  the  monitors  produced  enough 


Figure  5-5  Tim?  base  error  at  monitor  J  fat 
satellite  j>. 
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Figure  3-6.  Time  base  rate  at  monitor  J  for 
satellite  3. 

coupling  in  the  satellite  solutions  to  cause 
convergence  problems  when  this  coupling  was 
ignored.  At  this  point  other  suboptima!  candi¬ 
dates  appeared  more  promising  and  this  case  was 
excluded  from  further  consideration. 

5.1.3  J-01-9I.E  RANGE  DIFFERENCES  -  In 
attempting  to  enti.ely  separate  all  clocks  from 


Figure  3-8.  Sigma  and  residual  of  user 
measure  mem  from  satellite  3. 

the  satellite  orbit  rotations,  a  combination  of 
simultaneous  pseudo  ranges  between  two  moni¬ 
tors  and  two  satellites  was  taken  as  the  measure¬ 
ment  set.  This  indeed  separates  the  clocks  from 
the  orbits  but  strongly  couples  the  orbit  solu¬ 
tions  of  the  two  satellites  involved.  Very  good 
results  could  be  obtained  by  solving  for  all 
satellite  orbits  simultaneously,  but  acain  the 


figure  3'  7.  Actual  vs  possible  measurements  for 
satellite  3. 


figure  5-s  Higma  and  rat  dual  of  range 
measurement  monitor  I  to  satellite  S. 


computational  load  becomes  prohibitive  for 
Phase  III.  Some  method  whereby  just  two  satel¬ 
lites  are  solved  simultaneously  at  each  step  and 
then  some  combination  of  the  satellite  solutions 
is  performed  would  help  reduce  the  computa¬ 
tional  load  but  would  cause  convergence  prob¬ 
lems  due  to  unmodeled  correlations.  Another 
drawback  to  this  solution  cs  that  it  requires  the 
simultaneous  visibility  of  two  satellites  by  the 
same  two  monitors,  thus  further  reducing  the 
small  satellite  viewing  time.  The  numerous  draw¬ 
backs  for  this  case  conspired  to  eliminate  it  from 
convention. 

At  this  point  it  seems  appropriate  to 
mention  another  possible  measurement  set  - 
range  differences  from  a  single  monitor  to  two 
different  satellites.  This  would  uncouple  the 
monitor  clocks  from  the  satellites  but  again 
would  strongly  couple  the  satellite  solutions  as 
above.  For  that  mason  this  measurement  set  was 
never  given  serious  consideration. 

5.1.4  RANGE  RATES  -  In  looking  at  the 
covariance  matrix  for  the  most  optimal  solution 
two  things  were  noticed.  One,  the  satellite 
solutions  were  weakly  coupled.  Since  the  satel¬ 
lite  orbits  should  be  independent  and  the  only 
mechanism  for  coupling  them  is  the  monitor 
station  docks,  it  appeared  that  the  key  to 
allowing  the  satellite  orbits  to  be  soived-for 
individually  was  to  eliminate  the  monitor/ 
satellite  coupling.  Previous  attempts  had 
uncoupled  the  monitors  from  the  satellites,  but 
ended  up  coupling  the  satellites  directly.  The 
othef  observation  was  that  there  is  one  less 
integration  between  the  physical  processes  of 
the  system  and  a  measurement  of  pseudo  range 
rate-  than  there  ts  ror  a  measurement  of  pseudo 
range  itself.  Thus,  although  the  correlation  of 
monitor  clock  rates  with  orbit  velocities  is 
roughly  comparable  to  the  correlations  of  moni¬ 
tor  clock  time  offset  with  orbital  positions,  the 
neglect  of  the  former  is  much  less  serious  than 
the  neglect  of  the  latter. 

Using  presently  envisioned  range  rate 
measurement  accuracies  of  005  fi/see.  simula¬ 
tions  were  run  using  rangy  rates  as  the  measure¬ 


ment  set  and  ignoring  correlations  between 
monitor  clocks  and  the  orbits.  Behavior  was 
good  but  the  accuracies  were  unacceptable. 
Using  measurement  accuracies  ten  times  as  good 
in  the  simulations  gave  good  behavior  and 
acceptable  accuracy.  Another  improvement 
factor  of  ten  in  the  measurement  accuracies  gave 
good  behavior  and  good  accuracy.  Design  analy¬ 
sis  indicated  that  the  latter  measurement  accu¬ 
racies  could  probably  be  achieved  but  would 
require  hardware  redesign.  For  this  reason,  and 
the  fact  that  other  candidates  appeared  promis¬ 
ing  enough,  the  range  rate  case  was  disregarded. 

5.1.5  RANGE  RATT  DIFFERENCES  -  The 
attractiveness  of  this  case  stems  from  the  fact 
that  it  completely  uncouples  the  satellite  docks 
from  the  satellite  orbits  and  substantially 
uncouples  the  monitor  clocks  from  the  orbits  as 
above.  This  allows  complete  uncoupling  of 
orbits,  satellite  clocks,  and  monitor  clocks  and 
represents  the  maximal  possible  partitioning 
(hence  the  minimum  possible  computational 
load).  It  was  disregarded  for  the  same  reasons  as 
the  range  rate  case. 

5.1.6  RANGE  INCREMENT  DIFFERENCES 
-  Although  Table  5-1  shows  no  minuses  for  this 
case,  it  was  disregarded  because  of  its  similarity 
to  the  range  increment  case  and  its  lack  of 
distinct  advantages  over  that  case.  It  does  have 
the  advantage  of  again  completely  separating  all 
clocks  from  the  orbits  In  much  dhe  same  way  the 
range  rate  difference  ease  did  but  this  advantage 
is  not  substantial  and  is  counterbalanced  by  the 
reduction  In  the  number  of  measurements  avail¬ 
able.  since  a  measurement  is  possible  only  when 
two  monitors  can  see  the  satellite  simultane¬ 
ously.  Furthermore,  each  difference  measure¬ 
ment  contains  toe  errors  of  two  pseudo-range 
measurements.  In  the  interest  of  simplicity  in 
the  following  discussions,  it  will  essentially  be 
incorporated  into  the  discussion  of  the  range 
Increment  ease. 

5.2  DETAILED  ANALYSIS 
Three  potentially  viable  measurement  sets  were 
selected  for  more  detailed  analysis  in  the  para¬ 
graphs  which  follow. 
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5.2,!  INDIVIDUAL  SATELLITES  WITH 
SEPARATE  MONITORS  -  In  this  case  each 
satellite  is  treated  as  if  three  distinct  monitor 
stations  (and  the  master  station)  were  tracking 
it.  The  solution  vector  has  fourteen  states:  six 
the  satellite  orbit,  two  for  the  satellite  clock, 
and  :wo  each  for  the  three  monitor  station 
clocks.  The  measurements  are  pseudo  ranges  and 
the  partial  derivatives  are  easily  described.  The 
mechanization  is  very  straightforward,  then,  and 
would  be  'optimal'  if  only  one  satellite  were 
being  used. 

For  more  than  one  satellite,  the  same 
technique  is  maintained.  Each  satellite  ephem- 
eris  (whether  there  be  four  or  twenty-four 
satellites)  is  calculated  as  if  that  were  the  only 
satellite  in  the  sky.  This  leads  to  a  redundancy 
of  monitor  clock  solutions  so  that  for  n  satellites 
there  w*ll,  in  general,  be  n  solutions  for  each 
monitor  clock.  If  these  solutions  are  very  simi¬ 
lar,  this  technique  should  yield  not  only  good 
ephem^is  data  but  good  user  data.  If  the 
..onitor  clock  solutions  are  very  different,  then 
a  W3y  of  'optimally'  combining  them  for  a  single 
monitor  clock  estimate  must  be  implemented. 

The  impact  of  this  candidate  on  the  com¬ 
puter  is  very  minimal.  It  clearly  expands  very 
easily  to  24  satellites.  The  number  of  equivalent 
multiples  required  to  do  one  satellite  solution 
(or  one  pseudo  range  is  about  2000.  For  a 
compu*e='  with  a  20psec  multiply  time,  this 
corresponds  to  40  milliseconds,  the  full  process 
could  easily  he  done  in  0.1  seconds.  Compared 
to  an  upload  time  of  at  least  three  ..linutes  this 
candidate  easily  fits  the  time  line.  Therefore,  die 
fact  that  it  requires  a  tew  more  storage  locations 
fot  matrix  computahQi.s  (and  for  the  extraneous 
clock  solutions)  has  very  little  impact  on  the 
hardware  and.  as  has  been  alluded  earlier,  it  is 
very  easy  to  mechanize. 

The  only  remaining  doubt  what  effect 
the  mul  tiple  mo  nitor  c.ocfe  solutions  have  on  the 
accuracy  and  the  convergence  rate.  Simulations 
run  on  this  case  indicate  that  the  redundant 
monitor  solutions  have  very  little  effeet.  Accu¬ 
racy  and  convergence  rate  appear  very  similar  to 


the  full  simultaneous  pseudo-range  case.  A  close 
look  at  the  behavior  of  the  four  solutions  for  a 
single  monitor  clock  indicates  strong  similarities. 
The  solutions  stay  within  the  expected  covari¬ 
ances  and  an  overall  comparison  of  clock  phases 
shows  them  to  agree  to  within  two  or  three  nsec. 

With  behavior  this  good  there  is  very  little 
reason  to  obtain  more  accurate  monitor  clock 
solutions.  However,  given  the  need  to,  there  is  a 
very  simple  approach.  The  four  (or  twenty-four) 
monitor  estimates  can  be  combined  in  the 
natural  way  where  the  covariances  of  the  esti¬ 
mates  determine  the  weight  for  the  estimate  in  a 
weighted  average.  The  resulting  value  can  be 
used  as  the  'best  estimate*  for  the  clock  param¬ 
eters  wherever  it  is  needed. 

This  ‘best  estimate'  can  also  be  fed  back 
into  the  overall  system  in  some  way  to  provide  a 
system  'tie-in*.  Runs  in  which  the  clock  esti¬ 
mates  were  combined  and  injected  back  into  the 
system  showed  no  major  benefits  to  the  orbit 
solution  over  Funs  without  combining  the  clock 
estimates.  On  the  other  har.d,  combining  the 
clock  solutions  did  substantially  improve  the 
monitor  clock  estimates  by  bringing  more  data 
to  bear  on  each  solution.  It  war.  found  that  when 
the  strength  of  the  orbit  solution  was  decreased 
by.  for  example,  limiting  the  measurements  to 
those  where  the  eiavation  angle  of  the  line  of 
sight  exceeded  15%  the  orbit  estimates  without 
combined  monitors  -degraded  somewhat  faster 
than  those  in  which  the  monitors  were  com- 
binftd.  Furthermore,  an  attempt  to  combine  the 
monitor  clocks  at  each  measurement  step  from 
start-up  on  reintroduced  the  monitor/orbit 
couplings  without  properly  accounting  for  the 
correlations  involved.  This  tended  to  upset  the 
convergence  of  the  solution  and  its  recovery 
from  transient  disturbances.  When  monitor  solu¬ 
tions  are  combined  at  every  step  thts  scheme 
becomes  almost  equivalent  in  behavior  to  the 
one  discussed  in  the  nest  section.  The  conver¬ 
gence  problems  are  discussed  in  more  detail 
there.  On  the  other  hand,  there  is  no  need  to 
combine  clock  solutions  so  often.  A  com¬ 
bination  every  12  hours  worked  we*t  with  no 
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convergence  problems  and  combinations  every 
few  hours  should  also  be  feasible  if  desired. 

In  general  this  candidate  appears  very 
promising.  It  yields  good  ephemeris  and  user 
accuracies,  good  convergence,  little  computer 
impact,  and  simple  mechanization.  Its  draw¬ 
backs  are  a  slight  increase  in  computation  time 
(over  completely  partitioned  cases)  and  a  multi¬ 
plicity  of  monitor  clock  solutions. 

5.2.2  INDIVIDUAL  SATELLITES  WITH 
COMMON  MONITORS  -  This  case  has  been 
rather  completely  described  as  Case  5  in  Section 
3.1  and  th3t  description  will  not  be  repeated 
here.  It  can  be  thought  of  as  derivable  from  the 
full  simultaneous  solution  (Case  1  of  Section 
3.1)  by  simply  ignoring  any  correlations  devel¬ 
oped  in  the  covariance  matrix  between  the 
individual  monitor  clock  solutions  and  the  rest 
of  the  process.  If  these  correlations  did  not 
exist,  the  S'  nultaneous  solutions  could  be 
broken  into  -j  series  of  separate  solutions  per¬ 
formed  in  sequence  with  each  solution  account¬ 
ing  for  one  measurement  involving  one  satellite 
and  one  monitor  station  -  namely,  the  Case  5 
solution. 

The  covariance  solution  of  Case  5  behaves 
very  w&ir  and  yields  expected  accuracies  essen¬ 
tially  equivalent  to  those  for  the  Case  1  simul¬ 
taneous  solution.  However,  the  covariance 
solution  is  based  on  the  assumption  of  a  system 
in  which  tha  above  correlations  are  truly  miss¬ 
ing.  If  this  were  in  fact  the  situation,  the  entire 
Case  5  solution  should  work  well.  The  problem 
is  that  the  ignored  correlations  do  actually  exist 
in  the  data,  and  the  data  behavior  does  not 
conform  to  the  statistics  predicted  by  the 
covariance  solution  which  ignores  them.  The  size 
of  the  ignored  correlations  can  be  examined  by 
looking  at  the  covariance  matrix  of  the  Caw  1 
solution  where  they  are  not  ignored.  Whet;  this 
h  done  it  is  found  that  after  the  first  few  hours 
the  correlations  in  question  are  quite  tow  and 
thus  could  probably  be  ignored  with  impunity. 
The  problem  »  that  high  correlations  are 
encountered  during  the  initial  start  up  before 
there  ts  enough  exercise  of  geometry  to  distin 


guisb  between  orbit  effects  and  clock  effects, 
and  it  takes  the  system  a  long  time  to  recover 
from  the  original  bad  estimates  arising  from  the 
neglect  of  the  correlations  during  this  initial 
period.  Simulations  in  which  the  correlations 
were  accounted  for  during  the  first  two  days  and 
then  dropped,  worked  well  yielding  accuracies 
comparable  to  Case  1  solutions. 

The  mechanism  of  (he  slow  convergence 
stems  from  the  fact  that  the  covariance  solution, 
being  unaware  of  the  initial  high  correlation, 
improves  too  rapidly  before  there  is  enough 
exercise  of  system  geometry  to  properly  dis¬ 
tribute  the  corrections  between  the  monitor 
clocks  and  the  satellite  clocks-and-orbits.  The 
result  is  that  we  are  left  with  errors  in  some  of 
the  solution  vector  estimates  which  are  many 
times  the  estimated  sigmas  for  these  quantities. 
Small  sigmas  on  the  solution  vector  parameters 
inhibit  the  capability  of  further  measurements 
to  change  their  estimates  so  that  the  large 
existing  errors  are  reduced  only  very  slowly. 

There  are  several  ways  to  alleviate  the  slow 
convergence  problem  of  the  Case  5  solution, 
most  of  which  have  been  demonstrated  by 
simulation  to  be  effective,  but  the  optimum 
combination  has  not  yet  been  established.  These 
techniques  will  now  be  considered. 

The  recovery  from  initial  bad  estimates  can 
be  greatly  speeded  up  by  increasing  the  Q  values 
added  to  some  elements  of  the  covariance 
matrix  of  the  solution,  thus  counteracting  the 
over-optimistic  covariances  which  were  impeding 
the  convergence.  Q  values  high  enough  to 
produce  rapid  convergence  from  targe  initial 
errors  a'e.  however,  also  large  enough  to  impair 
the  quality  of  the  final  solution.  Thus,  some 
provision  should  be  made  for  reducing  the  Q 
values  as  the  convergence  is  achieved. 

A  second  way  to  improve  the  convergence 
rate  is  to  add  some  range  rate  or  range  increment 
measurements.  The  latter  are  more  effective 
because  of  their  higher  accuracy  with  the  cur¬ 
rent  receiver  design.  Range  rate  or  range  mere- 
ment  measurements  also  involve  correlations 
between  the  monitor  clock  rates  and  the  orbit 
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velocities.  In  fact,  these  correlations  are  of 
comparable  order  of  magnitude  to  those 
between  monitor  clock  phases  and  orbital  posi¬ 
tions.  However,  the  fact  that  there  is  one  less 
integration  between  the  physical  processes  of 
the  system  and  the  measurement  enables  such 
measurements  to  contribute  substantially  to  the 
rate  of  convergence.  This  technique  in  no  way 
degrades  the  ultimate  accuracy,  but  it  does  add 
somewhat  to  the  computing  load  by  requiring 
the  handling  of  the  extra  measurements. 

A  third  possible  technique  would  be  to 
carry  a  portion  of  the  previously  ignored  corre¬ 
lation.  In  the  10  >:  10 covariance  matrix  used  for 
each  measurement  solution,  there  is  a  place  for  a 
single  8x2  cross-correlation  submatrix.  Instead 
of  inserting  a  2ero  here,  a  saved  submatrix  could 
be  used.  Three  such  submatrices  would  have  to 
be  saved  for  each  satellite  —  one  for  each 
monitor  other  than  the  master.  Since  the  cou¬ 
plings  are  not  very  tight,  it  is  probable  that  a  less 
than  complete  accounting  of  all  the  couplings 
involved  would  produce  a  worthwhile  improve¬ 
ment  without  unduly  complicating  the  computa¬ 
tions.  This  technique  has  not  yet  been  tried  in 
simulation  so  it  is  not  yet  possible  to  establish 
now  much  can  be  gained  with  any  given  degree 
of  additional  computation. 

Besides  the  above  techniques  for  improving 
the  speed  of  convergence,  it  is  to  be  expected 
that  the  convergence  properties  of  the  Case  5 
solution  will  improve  spontaneously  as  more 
satellites  are  added  to  the  total  constellation. 
This  is  because  the  additional  satellites  will  add 
weight  to  the  monitor  clock  solutions  so  that 
they  are  less  affected  by  any  individual  satellite 
effect.  Thus,  the  monitor  clock  solutions  wilt  be 
stabilised  so  that  they  provide  less  of  a  mecha¬ 
nism  for  coupling  the  satellites  together.  When 
there  are  few  satellites,  the  computational  load 
is  fight  and  extra  computations  to  improve 
convergence  can  be  tolerated.  As  more  satellites 
are  added,  vhg  need  for  the  extra  eomoutafk-m 
decreases  and  the  full  computational  capacity 
can  be  devoted  to  the  bask  Case  5  solution. 


Although  optimum  details  have  not  yet 
been  completely  worked  out,  the  Case  5 
approach  clearly  appears  to  be  a  viable  approach 
with  better  accuracy  than  Case  8  and  with 
several  avenues  available  for  overcoming  the 
convergence  problems. 

5.2.3  RANGE  INCREMENTS  -  In  this  case 
the  measurements  are  pseudo  ranges  and  range 
'increments’.  A  range  increment  is  the  difference 
between  a  pseudo  range  from  one  monitor  to 
one  satellite  at  one  time  and  a  pseudo  range 
from  the  same  monitor  to  the  same  satellite  at  a 
different  time.  Though  the  range  increments 
have  the  dimension  of  range  (or  range  change) 
they  have  the  behavior  of  range  rate.  To 
appreciate  this  consider  the  following:  Let 
R|j(t)  +  c  (r;(t)-rj(t)]  describe  the  pseudo  range 
R'  from  satellite  i  to  monitor  j  at  time  t  in  terms 
of  the  actual  range  R  from  satellite  i  to  monitor 
j  at  time  t,  and  the  two  clock  phase  offsets  r;  for 
satellite  i  and  rj  for  monitor  j  at  time  t  (c 
converts  from  time  to  distance).  Ignore  for  the 
moment  any  measurement  noise.  The  measure¬ 
ment  Mjj(t)  may  be  described  by 

Mjj(t)  -  R-j(t)  -R-jlt-At) 

“  RijU)  -  Rjj(t’At)  +c  lTj(t) 

-  Tj(t-At))  -C  (Tjlt)  -  Tj{t* At) ] 

=  Rjj(t)  -.RjjU'At)  +  crkAt  -c 

-  c  fjAt 

because  the  crock  frequencies  are  so  stable.  The 
solution  with  these  measurements  should  thus 
behave  more  like  a  range  rate  solution  than  a 
range  difference  solution;  that  is,  if  should  have 
the  advantage  of  being  easily  expandable  to 
twenty- four  satellites  and  it  should  have  the 
disadvantage  of  decreased  ephemeris  accuracy. 
Like  the  range  rate  solution  it  should  function- 
ally  uncouple  the  monitor  clock  time  offsets 
from  the  satellites  and  will  thus  also  need 
individual  pseudo- range  measurements  to  solve 
tor  the  monitor  clocks  offsets.  Unlike  the  range 
rate  case  it  should  not  require  hardware  redesign 
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to  achieve  acceptable  accuracies,  and  it  should 
improve  rather  than  degrade  with  longer  gaps 
between  range  increment  measurements.  This  is 
because  the  range  increments  are  actually  inte¬ 
grations  of  range  rate  so  that  the  longer  the 
'integration'  time  the  better  the  results,  at  least 
to  a  point  when  too  few  measurements  degrade 
the  solution. 

The  impact  of  this  candidate  on  the  com¬ 
puter  is  rather  small.  For  each  measurement  an 
eight-state  solution  vector  for  satellite  position, 
velocity  and  clock  and  a  two-state  solution 
vector  for  a  monitor  clock  need  to  be  solved. 
This  is  approximately  one-half  to  one-third  the 
computational  load  for  the  individual  satellites 
with  separate  monitors.  Solution  software  mech¬ 
anization  is  very  straightforward  and  the  small 
size  of  the  matrice;  involved  would  make 
Kalman  filter  checkout  much  easier.  The  prin¬ 
cipal  complications  is  the  requirement  to  store 
and  keep  track  of  the  previous  data  at  t'At  and 
to  make  use  of  this  in  forming  Mjj(t)  and  Hjj. 

One  characteristic  of  range  rate  and  range 
increment  simulations  was  a  continued  slow 
improvement  in  accuracy.  Though  this  charac¬ 
teristic  is  present  throughout  most  of  the  simula¬ 


tions,  it  is  more  noticeable  in  the  range  rate  and 
range  increment  cases  because  of  the  greater 
room  for  improvement.  Because  the  magnitude 
of  this  improvement  is  significant  it  is  possible 
to  ascribe  part  of  the  accuracy  problem  as  a 
residual  problem  in  convergence. 

Actual  simulations  on  the  range  increme  it 
case  concentrated  at  first  on  discerning  tl-e 
effects  of  various  patterns  of  pseudo*ranga  and 
range  increment  measurement  usage.  In  general, 
the  results  improved  with  increased  usage  of 
pseudo  range  and  decreased  usage  of  range 
increments.  Long  steps  -  where  the  range  incre¬ 
ment  was  formed  from  the  last  pseudo  range 
before  the  satellite  went  out  of  view  and  the 
first  pseudo  range  as  it  came  back  into  view  - 
were  included  and  exhibited  a  very  beneficial 
effect  on  the  satellite  clock  rate  solutions. 

The  overall  results  would  seem  to  indicate 
that  pseudo  ranges  rather  than  range  increments 
should  be  used  as  the  primary  measurement  set. 
On  the  other  hand,  range  increments  have  shown 
themselves  to  be  very  useful  for  improving  the 
satellite  clocks  when  used  in  conjunction  with 
pseudo-range  measurements.  This  thought  is 
further  explored  in  Section  7.1. 
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6 

SELECTION 


This  section  describes  an  evaluation  and  selec¬ 
tion  process  based  on  the  simulations  and 
analysis  to  date.  A  specific  candidate  recom¬ 
mendation  is  made  based  on  the  scoring  algo¬ 
rithm  described  in  Section  4.  The  candidate's 
effect  and  the  requirements  it  imposes  on  the 
total  system  are  discussed. 

6. 1  CANDIDATE  RECOMMENDATION 
Table  6-1  shows  the  final  cost  functions  and 
scoring  algorithm  applied  to  the  remaining  three 
candidates  from  Section  5.  As  indicated,  prece¬ 
dence  devalues  upon  the  case  with  the  individual 
satellites  and  separate  monitors.  The  only  draw¬ 
back  indicated  for  this  case  is  the  time  line;  in 
this  instance,  a  drawback  only,  in  comparison  to 
the  other  two  candidates.  The  final  recom¬ 
mendation  is  not.  however,  simply  that  the  case 
with  individual  satellites  and  common  monitors 
be  implemented. 

Table  6-1.  Final  Scoring  Algorithm  for  System 
Candidates. 

AmwoC*  Cw»-- 

■ — * — —  — » 

itnce  ►>Aai* 

bllti  kiMc  •***  *4 14  ■‘-s 

i*J.»  3w»i  wleil.Jet  4  5  $  3  3 

•rift 

i*a««-awa>  *>4«iM**  5  $  $  •  4  3  i  i  ii 

•,i r.  Kbk'iWi 

-  -  7 - - -  -  r—  '  r  -  -r-  - - - e  — 

*  ?  3  3  4  4  4 

*  f*-t  4  ha  yii  '«*l  .  •  K*  hftf  ^**4»a*B  "munh  4  * 

W><  h*I  .W*J 

Morphologically  the  final  three  candidates 
are  very  similar.  What  shortcomings  they  have 
are  complementary  in  the  sense  that  at  least  one 
of  three  candidates  is  completely  acceptable  for 
each  criterion.  This  suggests  the  following 
approach:  For  the  time  being  accept  the 
‘winner*  as  a  safe  and  completely  acceptable 
mechanisation  for  ephemeris  determination.  If 
ail  else  fails  this  will  provide  the  GPS  with  the 


accuracy,  predictability,  and  stability  necessary 
for  required  operation. 

In  addition,  since  the  two  ‘losing’  candi¬ 
dates  are  so  similar  to  the  winner,  explore 
combinations  of  the  final  three  candidates  that 
may  reasonably  eliminate  all  significant  draw¬ 
backs.  It  may  v/ell  be,  for  instance,  that  the  case 
for  early  stability  of  the  individual  satellites  with 
separate  monitors  can  be  combined  with  the 
case  for  steady-state  computational  reduction 
afforded  by  the  individual  satellites  with 
common  monitors.  The  similarity  of  the  two 
mechanizations  suggests  that  a  switchover  from 
one  to  the  other  (and  back  again  in  case  of  a 
station-keeping  maneuver  or  similar  directed 
orbit  alteration)  would  not  complicate  the 
mechanizations!  simplicity  unduly.  Another 
possibility  is  that  range  increments  could  be 
used  in  a  separate  (or  combined)  computation  to 
provide  a  single  estimate  vector  for  each  monitor 
clock. 

Notwithstanding  improvements  derived 
from  considerations  of  this  type,  however,  a 
specific  acceptable  candidate  mechanization  for 
ephemeris  determination  has  been  developed. 

6.2  EXPANDABILITY  TO  4  AND  24 
SATELLITES 

Although  all  discussions  above  were  referenced 
to  minimizing  computations  and  memory  by 
dealing  with  satellites  on  a  separate  basts,  the 
full  simultaneous  solution  for  four  satellites  at  a 
lime  is  indeed  acceptable,  and  is  also  a  more 
optimum  approach.  In  faet.  24-satellite  volutions 
cou^i  well  be  solved  for  tour  at-a-time.  as 
4-sateMite  solutions  are  one-at-a-time.  inter¬ 
mediate  numbers  and  combinations  are  also 
possibilities  -  tay.  two-at-a-time,  or  three-at-ir 
time  with  one  alone,  etc. 

The  exercises  above  pioved  the  feasibility 
of  solving  for  smaller  numbers  of  satellite 
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ephemerides  at  a  time.  Intermediate  numbers  at 
a  time  and  four-at-a-time  are  natural  expansions, 
while  the  performance  of  these  expansions 
would  surely  lie  somewhere  between  the  one-at- 
a-timeand  the  four-at-a-t:me  performance.  Thus 
the  obvious  candidate  mechanization  selection  is 
an  expandable  solution  vector  which  includes 
one  to  four  satellites. 

6.3  REQUIREMENTS  IMPOSED  ON  TOTAL 
SYSTEM 

The  ephemeris  determination  procedure  does 
not  impose  any  unreasonable  requirements  on 
tbo  total  system.  The  combination  lines  between 
the  Master  Control  Station  (MCS)  and  the 
Monitor  Stations  (MS)  are  dedicated  lines  capa¬ 
ble  of  handling  2400  bits  per  second.  The 
off-line  computational  facility  which  computes 
the  reference  trajectory  is  expected  to  require 
data  at  the  rate  of  about  one  sample  each  two 
minutes.  A  reasonable  approach  to  data  collec¬ 
tion  appears  to  be  to  perform  data  editing  and 
smoothing  at  the  MS,  making  one  sample  of 
smoothed  range  available  to  the  MCS  every  two 
minutes  for  each  visible  satellite.  This  data  could 
be  buffered  at  the  MS  and  sent  to  the  MCS 


infrequently  in  blocks  for  recording  and  delivery 
to  the  off-line  facility. 

Requirements  imposed  on  the  Air  Force 
Satellite  Control  Facility  (AFSCF)  are  for  the 
initial  ephemerides  as  the  satellites  are  placed  in 
orbit.  In  addition,  certain  information  pertinent 
to  stationkesping  operations  and  attitude  adjust¬ 
ments  will  be  required  from  the  AFSCF.  It  is 
anticipated  that  the  required  information  will 
result  in  minimal  impact  on  the  communication 
lines. 

Requirements  imposed  on  the  MCS  com¬ 
puter  are  of  significance  only  in  respect  to  the 
impact  on  the  time  line  due  to  computational 
demands  just  prior  to  satellite  uploading.  The 
upload  data  for  each  satellite  is  divided  into  two 
parts: 

1.  Satellite  position  data 

2.  Clock  correction  data 

The-  satellite  position  data  is  essentially 
non-perishable,  so  that  the  computation  of  this 
data  can  be  accomplish'd  well  before  the  upload 
time.  Clock  correction  data  may  be  computed 
from  a  small  amount  of  tracking  data  so  that  the 
computational  load  on  the  computer  just  prior 
to  upload  can  be  minimized. 
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7 

ADDITIONAL  MODELING  REQUIREMENTS 


7.1  SIGNIFICANCE  OF  ADDITIONAL 
MODELING 

Certain  error  and  force  models  which  affect 
ephemeris  determination  have  been  excluded  or 
simplified  in  the  simulations.  The  significance  of 
this  can  only  be  qualitatively  rationalized  now. 
However,  future  analysis  studies  should  include 
different  models,  or  verify  that  the  exclusions 
and  simplifications  have  negligible  impact.  Here 
we  will  summarize  the  exclusion  and  simplifica¬ 
tions  and  discuss  their  impact  on  the  ephemeris 
determination  accuracies. 

7.1.1  MODELING  NOT  INCLUDED  IN 
ANALYSIS  -  The  analysis  performed  and  dis¬ 
cussed  in  Section  5  did  not  include  the  following 
important  error  or  force  models,  it  being  assured 
that  they  were  adequately  treated  in  the  refer¬ 
ence  trajectory  or  with  auxiliary  calculations 
outside  the  Kalman  subroutine: 

•  General  relativistic  effect  on  the  clocks 

•  Geoootential  harmonics 

•  Solar  radiation  pressure  models 

•  Planetary  gravitational  attractions 

Other  error  and/or  force  sources  not  irdud- 
ed  were  deemed  negligible  for  ephemeris  de¬ 
termination^  l.  This  does  not  include  sta¬ 
tionkeeping  and  outgassing,  which  must  be 
modeled  and  dealt  with  one  way  or  anoth¬ 
er;  they  could  be  treated  as  on-off  biases 
and  exponential  decays,  with  interface  with 
NWL  for  updated  reference  trajectories.  This  is 
to  be  discussed  elsewhere.  The  models  excluded 
and  their  impact  are  discussed  In  more  detail  in 
following  paragraphs. 

7.1.2  SIMPLIFIED  .MODELING  INCLUDED 
IN  THE  ANALYSIS  <-  The  analysis  performed 
and  discussed  in  Section  S  deluded  models  for 
random  variation*  <«  the  dock  frequencies. 


These  models  were,  however,  simplified  some¬ 
what  for  the  analysis  performed  to  date.  These 
mortals  and  their  impact  are  discussed  in  more 
detail  in  following  paragraphs. 

7.1.3  IMPACT  OF  USING  REFERENCE 

TRAJECTORIES  -  It  has  been  proposed  that 
on-line  ephemeris  determination  be  performed 
about  a  batch  processed  reference  trajectory, 
thereby  operating  in  :he  linear  world,  and  "fine 
tuning"  the  ephemeris  on-line  with  reference 
trajectory  partial  derivatives.  If  this  is  the  case, 
much  of  the  modeling  excluded  thus  far  (Sec¬ 
tion  7.1.1)  would  be  included  in  the  reference 
trajectory  computation.  The  clock  effects  would 
not  be.  In  this  case,  the  ephemeris  errors 
simulated  without  these  models  would  be  repre¬ 
sentative  of  those  to  be  expected  in  the  real 
world  provided  that  the  reference  trajectory 
does  a  good  job  of  including  them.  This  is  the 
case  for  both  geopotenbal  harmonic*  and  plane¬ 
tary  gravitational  attractions  some 

extent,  solar  fadiation  press*  .  -lodes 

these  effects  in  their  reference  -,*&**. 

7.1.4  IMPACT  OF  SIMULATED  CLOCK 
MODELING  -  The  random  nature  of  the  clock 
frequency  variations  was  modeled  in  a  conven¬ 
ient  way  to  fit  the  formulation  of  a  Kalman 
estimation  algorithm  -  that  is.  white  noise 
passed  through  a  linear  filter.  In  the  real  world, 
however,  the  filter  would  be  nonlinear.  The 
linear  filter  generates  a  pessimistic  variat«on  with 
respect  to  its  farm,  and  is  sometimes  optimistic 
in  its  constants.  Thus,  with  this  blend,  it  is  felt 
that  a  real-world  dock  model  would  not  seri¬ 
ously  impact  the  results  of  the  analysis  per¬ 
formed  to  date.  More  details  about  the 
ompitftcd  clock  model  and  proposed  real-world 
model  wti;  be  discussed  m  later  paragraphs. 
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7.2  CLOCK  MODELS 

The  clock  models  for  the  satellites  should 
exhibit  three  types  of  important  errors:  random 
fluctuations  of  frequency,  long-term  drifts,  and 
general  reiativisties  effects  (not  an  error, 
actually). 

The  ground  station  clocks  are  proposed  to 
be  of  better  quality  and  thus  the  long- term  drift 
is  smaller,  as  are  some  of  the  longer  time- 
constant  random  freouency  variations. 

7.2. 1  RANDOM  VARIATION  MODELS  -  The 
random  variations  in  frequency  for  both  the 
satellite  and  the  ground  station  clocks  modeled 
for  the  analysis  given  in  Section  5  were  ^rodeled 
as  integrated  white  noise  (phase  is  doubly 
integrated  white  noise)  plus  white  noise.  The 
variances  of  the  noises  sometimes  differed  from 
those  described  here;  however,  their  impact  on 
e^hemeris  accuracy  is  minimal.  An  integrated 
white-noise  frequency  variation  does  produce  a 
significant  long-term  drift  in  frequency;  how¬ 
ever,  the  models  include  some  adaptive  variation 
in  the  noise  variances  to  limit  the  drift. 

An  integrated  white-noise  frequency  varia¬ 
tion  is  more  conservative,  in  a  long-term  sense, 
than  either  the  clock  specifications  as  much  of 
the  literature  imply.  However,  with  the  adaptive 
variances  the  conservatism  can  be  removed.  The 
w-tecnon  constants  also  wil!  affect  how 
conservain  &  *fre  model  is. 

A  wrote  dock  random  variations  are  nor¬ 
mally  described  as  a  sum  of  irequency  white 
noise  and  frequency  flicker  noise.  Frequency 
flicker  noise  has  a  vartance  proportional  to  the 
natural  logarithm  of  time,  while  integrated  white 
noise  has  a  variance  proportional  to  time.  Thus, 
integrated  white-noise  variations  would  be 
expected  to  be  worse  as  time  goes  along, 
implying  a  more  conservative  approach. 

Tne  problem  in  modeling  flicker  noise 
arises  from  the  fact  that  it  cannot  be  generated 
as  a  Markov  process  (white  noise  through  a 
linear  fitter?,  exempt  aiiproximately.  It  can  be 
modeled  noise  through  a  set  of  cascaded 
Mterj*2)  -which  simulates  it*  1/f  spectrum  over 
a  frequency  range  of  interest.  Normally,  this 


results  in  about  a  fourth-order  filter  -  three 
orders  higher  than  integrated  white  noise. 

If  a  Kalman  estimator  is  implemented  as 
the  "fine  tuner"  for  the  ephemeris  determina¬ 
tion,  this  higher-order  model  would  result  in  a 
Kalman  estimator  of  higher  order,  thus  compli¬ 
cating  its  implementation.  Hopefully  this  would 
not  be  necessary.  Simulations  to  verif /  the 
algorithm  should  include  the  higher  order 
model,  however,  in  the  simulation  of  the  real 
world. 

Satellite  Clock  -  At  this  point  the  satellite  clock 
is  assumed  to  be  a  Rubidium  frequency  stand¬ 
ard.  General  Dynamics  Convair  had  such  a  unit 
tested  by  the  National  Bureau  of  Standards  to 
determine  its  statistics.  The  results  of  that 
testis)  produced  a  one-sided  power  spectral 
density  of: 

Sy(f)  *  1.28  X  10' 22 

+  4.1  X  10'25/f  ,  (7.1) 

This  spectral  density  is  in  good  agreement 
(although  a  little  worse)  than  Hewlett  Packard 
specificatons  for  a  Rubidium  standard*4*.  The 
tested  unit  was  not  manufactured  by  Hewlett 
Packard.  This  spectral  density  is  better  than  that 
specified  in  the  GPS  system  specifications, 
which  yields: 

Sy(f)  «  2  X  10' 20 

♦  7.17  X  10'25/f  (7.2) 

In  addition,  they  indicated  there  was  some  1/f2 
frequency  random  watk  • -se.  although  a  quan¬ 
titive  number  was  not  given.  HP  predicts  a  drift 
of  no  more  than  t)  *  10’  **  per  month,  which 
does  become  significant  because  it  could  happen 
any  time  during  the  month.  This  kind  of  drift 
could  be  estimated  off-line  and  accounted  for 
with  bias  lefms  if  need  be.  A  random  walk 
mode!  would  exhibit  this  kind  of  drift  in  the 
time  frames  of  interest. 

There  was  no  appreciable  Quarts  oscillator 
noise.  Any  white  or  flicker  phase  noise  would  be 
cUm;rutcb  with  appropriate  averaging  times. 
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A  good  fifth-order  difference  equation  fil¬ 
ter  to  simulate  the  integral  of  the  noise  (phase 
noise)  described  by  Equation  7.1  is  given  as:  (5) 
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where  x  is  the  phase  noise.  y3  the  frequency 
noise,  n  is  time  nAt,  At  is  the  integration  time 
interval.  Iiq  is  the  white  noise  spectral  power 
given  in  Equation  7.1  as 

Sy(f)  *  hQ+h„t/f  (7.4) 

i)n+i  *s  the  fn+1)s{  rpndcm  variable  wit.i  vari¬ 
ance  of  1.  and  vq.  yj  and  y3  are  intermediate 
states  of  the  cascaded  filter  arrangement.  y  d 
given  as 

7  a  0.777  dt/rj  (7.5) 

where 

»  - 

‘'5 hTiC;  •  ****** 

is  the  intercept  averaging  time  on  the  Allan 
variance  eurve  for  the  atomic  dock.  It  can  be 
seen  that  if  7  approaches  zero  {?,  soproaehes 
infinity).  the  phase  i-oise  approaches  Integrated 
white  noise  -  a  first  ordef  model  with  flicker 
noise.  >  cannot  approach  infinity  because  the 
difference  equation  would  not  be  legitimate  (At 
would  have  to  go  to  cero  faster  than  r().  Larger 


y’s  do,  however,  bring  in  higher  orders  of 
integration. 

For  the  Rubidium  standard  of 
Equation  7.1, 


f\  *  113  seconds  (7.7) 

ho  «  1.28  X  1<r22  (7.3) 

with  a  At  of  10  seconds  (about  as  large  as  could 
be  tolerated)  yields  the  equation 
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It  ean  be  seen  that  y3  is  a  "nearly 
integrated"  white  noise,  as  are  y3  and  yj,  with 
something  subtracted  out.  Thus,  it  is  rea|fy  a 
doubly  integrated  white  noise  with  part  of  the 
second  integration  removed.  For  the  limiting 
ease  of  singly  integrated  noise,  the  phese  error 
propagates  to  a  sigma  of  6.5  ft  in  2  hours  and 
23  ft  in  a  day  without  corrections  With  flicker 
noise,  it  would  be  somewhat  worse. 

Simulating  the  flicker  noise  would  be  time- 
consuming  because  of  the  small  time  interval 
(At)  required  to  /jo  it.  If  the  model  were  used 
for  Kalman  estimator  covariance  propagation,  it 
would  be  bes.’  to  revert  to  the  continuous  time 
domain  to  derive  the  propagation  equations  % 
large-*  time  intervals  (using  exponentials  and 
statist** s>  Fe?  simulation  purposes,  however  we 
must  honor  the  time  constants.  A  more  oeieded 
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discussion  of  higher  ordered  models  is  left  for 
Appendix  A. 

The  model  actually  used  for  the  satellite 
clocks  assumed  a  one-sided  power  spectral  den* 
sity  function  of  the  form: 


Sy(f)  -  2  X  10‘20  ♦  A/f2  (7.10) 


The  variance  [(2*r)2  A)  of  the  random- 
walk  term  (integrated  white  noise)  wilt  be 
somewhat  less  than  that  for  the  flicker  noise  in 
Equation  7.2.  This  is  to  compensate  for  the  fact 
that  the  random  walk  drifts  faster  than  flicker 
noise. 

The  constant  A  may  be  selected  so  that  the 
clock  phase  standard  deviation  (or  variance) 
drifts  the  same  amount  for  both  models  in  a 
specified  time.  Since  the  system  specification 
requires  the  users  equivalent  range  error  (UERE) 
for  SV  group  delay  be  within  8  feet  for  two 
hours  after  up'oad,  it  would  be  appropriate  to 
select  that  time  to  be  two  hours  (7200  seconds). 
The  variances  of  the  phase  for  the  two  models 
versus  time  are  computed  from  equations 
derived  in  Reference  6: 


2  u  *3 

=  Y'  +  2h.,  t2 


(7.11) 


(7.12) 


Equating  them  at  t  »  V2GQ  seconds  yields: 

A  »  1.S2  X  10’29  (7.13) 


figure  7-7.  Satellite  clock  standard  deviation  vs 
time. 


*  Htf  ttj  *is*  to9  *ti* 
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figure  ?'d.  Satellite  clock  rate  standard 
deviation  t>s  time  vs  Allan  variance 
specification. 


The  comparison  <?f  the  clock  phase  standard 
deviations  in  feet  for  these  two  models  appear? 
i«  Figure  7-1  At  7200  seconds,  about  7.5  feet 
of  rms  clock  phase  ts  realised. 

With  these  models,  the  standard  deviation 
of  the  doek  phase  rates  mav  afso  be  compared. 
These  rates  are  compared  to  the  Allan  two- 
sample  standard  devotion  in  Figure  7-2.  As  can 
be  there  is  no  comparison  to  this  quantity. 
The  AUan  two-sample  statistic  is  convenient  to 


represent  speetrel  models  sueh  as  Equation  7.4. 
but  does  not  accurately  present  how  the  docks 
drift  versus  time. 

We  can  conclude  from  this  discuss  tor.  and 
F  igure  7- 1  that  the  r  andom  walk  model  used  in 
the  analysts  does  indeed  lean  to  more  pessimistic 
errors  in  we  satellite  dock  for  long  time 
intervals  Cot  >  2  hours).  (See  Append**  A  for  a 
further  dissuasion  of  the  approximation  of  clock 
drifts.) 
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The  resulting  difference  equation  model  for 
the  satellite  clock  is: 


Where  Arn  is  the  clock  phase  error  at  time  nAt 
and  Arn  is  the  normalized  frequency  offset  at 
that  time;  r?^  and  ij2n  afe  two  independent 
random  numbers  with  a  variance  of  one  gener¬ 
ated  at  a  time  not;  At  is  the  computation 
interval;  k  is  a  constant  greater  than  zero  that 
adapts  the  frequency  drift  to  keep  the  ffeauency 
offset  within  its  specified  cccuraey.  (it  is  nor¬ 
mally  1  except  in  cases  where  the  estimate  of 
4rn  begins  to  approach  its  upper  bound.) 
Nor  molly.  ,nts  does  not  occur  for  the  bounds  are 
quite  high. 

Measurement  noise  for  measurements  of 
phase  on  a  short  time  basis  is  negligible  com¬ 
pared  to  the  clock  phase  error  described  above, 
and  to  the  errors  modeled  for  propagation  and 
instrumentation  uncertainties. 

Ground  Station  Clocks  *»  Cesium  atomic  ckseks 
are  proposed  tor  monitor  station  timekeeping 
and.  if  possible,  they  would  be  a  high  perform¬ 
ance  type,  such  as  the  Hewlett  Packard  Model 
SQOIA  with  the  Option  004  Tube^,  Using 
their  specifications,  the  dock  would  have  essen¬ 
tially  non  existent  frequency  flicker  noise,  hav¬ 
ing  a  spectral  model  of  the  form : 

Syif)  «  1.440  X  1  O'22  (7.13) 


(white  frequency  noise)  over  the  frequency 
range  of  interest.  However,  one  would  expect 
some  frequency  flicker  noise  to  be  present. 
Thus,  let  us  specify 

Sy(f)  -  1.446  X  t0*22  ♦  h.^f  (7.16) 

The  h.  t  specifies  the  level  of  the  flicker  noise 
and  was  selected  to  be: 

h.1  »  6.46  X  10"28  (7.171 

resulting  in  a  r(  of  Equation  6.5  of  8.04  x  104 
seconds  (almost  a  day). 

In  liqht  of  the  fact  that  this  still 'represents 
a  low  level  of  flicker  noise,  an  optimistic  model 
for  the  phase  noise  would  be 

xn+1  "  *n  +  8.5 

XIO^VaIi}^  (7. *8) 

for  some  computation  interval  At.  However,  for 
intervals  of  one  day  without  correction,  the 
flicker  noise  specified  does  cause  additional  drift 
u.  the  pnase.  Thus,  it  may  be  modeled. 

The  process  defined  in  Equation  7.16  could 
be  simulated  with  a  model  as  in  Equation  7.3. 
and  should  be  to  verify  future  results.  A  larger 
At  could  be  used,  say  en  the  order  to  800 
seconds.  However,  at.  this  point  the  more  pessi¬ 
mistic  model  using  a  frequency  random  walk 
variation  is  being  used.  This  has  a  speevum  of 
the  form: 

Sy?f)  *  1.446*  10'22*A/f2  <?>3) 

where  A  ts  t  .35  x  10  with  an  adaptive 
random  walk  variance  to  suppress  tong-term 
frequency  drift  within  a  guaranteed  accuracy  of 
i7  x  ID  *2.  The?  variance  of  the  random  walk 
term  is  again  somewhat  less  than  that  of  the 
ffvtke#  noise  of  Equation  ?.  1 7  to  compensate  tpr 
its  faster  drift. 
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figure  ?'3.  Comparison  of  monitor  clock  phase 
model  standard  deviations. 

Comparison  of  the  two  models  appears  in 
Figure  7-3,  using  the  standard  deviation 
equations: 

oXF(t)  -/?  23X1  O'23  t+1.292X10'29  t2 

(7.20) 

aXRW(t)  «  /7.23X  1 0-23 1+ 1 .78/ 1 0'31  t3 

(7.21) 

where  aXF  and  «XR^.  are  the  standard  devia¬ 
tions  for  the  phase  noise  with  the  flicker  model, 
ami  phase  noise  with  the  random  walk  model.  It 
can  be  seen  that  the  deviations  compare  favor¬ 
ably  out  to  2-3  hours  mainly  because  the  white 
frequency  noise  dominates  during  that  time 
interval,  reverting  to  Equation  7.18  as  a  possible 
model. 

We  may  conclude  that  the  random  walk 
model  ts  not  at  all  pessimistic  except  for  time 
intervals  longer  than  three  hours.  This  could  be 
removed  also  by  limiting  the  long-term  fre¬ 
quency  variation  with  the  adaptive  random  walk 
variance.  (See  Appendix  A  for  more  discussion 
of  approximating  clock  drifts.)  The  resulting 
difference  equation  mode*  for  the  monitor 
clocks  i$: 


(7.22) 


Definitions  of  the  variables  are  the  same  as  for 
Equation  7.14  above. 

As  for  the  satellite  clocks,  the  measurement 
noise  for  measurements  of  phase  is  dominated 
by  errors  modeled  for  instrumentation 
uncertainties. 

7.2.2  LONGTERM  FREQUENCY  DRIFT  - 
Long-term  frequency  drift  appears  to  be  insig¬ 
nificant.  The  Rubidium  standard  specification 
gives  a  figure  of  il  x  10'^  per  month,  while 
the  Cesium  standard  specifications  give  none  at 
all,  except  for  a  guaranteed  frequency  accuracy 
of  ±7  x  10“  ^2  for  the  life  of  the  tube  (guar¬ 
anteed  for  10.000  hrs-  3.6  x  103  seconds)  In 
Reference  5,  they  experience  a  drift  of  about 
1  x  10' 1  ^  in  2-1/2  years  on  a  standard  Cesium 
clock.  These  kind  of  numbers  would  be  buried 
in  the  models  discussed  above,  especially  the 
random  walk  model. 

The  conclusion  is  that  long-term  frequency 
drift  is  not  important- 

7.2.3  GENERAL  RELATIVISTIC  EFFECT’S 
IN  CLOCKS  -  It  will  be  necessary  to  correct  the 
SV  atomic  clocks  for  drifts  due  to  general  and 
special  relativity.  These  drifts  arise  out  of  the 
fact  that  the  satellite  clocks  are  located  at 
different  gravitational  potentials  than  the  moni¬ 
tor  clocks  and  are  moving  with  respect  to  them. 
The  relativistic  effects  cause  apparent  shifts  in 
the  frequencies  of  the  various  clocks  tn  the 
system.  The  apparent  relativistic  shift  of  a 
satellite  clock  with  respect  to  a  monitor  clock 
can  be  expressed  at* 

"  ^rs  ’  A*f«».  *'  -23) 

where  ArfS  and  Of  rm  are  the  relativistic  shifts  of 
the  satellite  and  monitor  clocks  respectively 
with  respect  to  some  common  reference  points. 
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by  suitably  choosing  the  reference  points,  each 
of  the  terms  can  be  conveniently  computed 
independently  of  the  other.  Thus,  in  the  earth- 
satellite  system,  we  reference  all  velocities  to 
earth  center,  this  being  the  only  unaccelerated 
point  in  the  system,  and  reference  ail  gravity 
potentials  to  a  zero  value  at  an  infinite  distance 
from  earth  center.  With  these  ground  rules  we 
can  proceed  to  evaluate  dfn  and  Afrm 
individually. 

Satellite  Clocks  -  The  relativity  effects  act  like 
an  additional  shift,  Arrs,  in  the  satellite  clock 
frequency  which  must  be  added  to  the  model 
represented  by  Equation  7.14.  Thus: 

a  &rn  *  At  (Af_  +  Ar.c) 


so  that 


+V  J  vAt  nn+1 


(7.24) 


where 


Afr,  P.  *  v  1 

-r^-H i  aV-  (vKs>  a25) 

5  c*  *  C*  c  m$ 

Where  ps  is  the  gravity  pot@ntial  at  the 
satellite  locations,  v%  is  the  magnitude  of  the 
inertial  satellite  velocity  with  respect  to  earth 
center.  ms  is  the  satellite  mass,  and  Vs  and  Ks 
are  the  potential  energy  and  kinetic  energy, 
respectively,  of  the  satellite. 

For  a  Keplertan  orbit  we  have: 


Vv,“  e.*”V 


(7.26) 


where  Es  is  the  constant  total  energy,  and  a  is 
the  semi-major  axis  of  the  orbit.  Solving  Equa¬ 
tion  7.26  for  Ks  and  substituting  into 
Equation  7.25  yields 


Ay  . 

*^yrs  _ 

f  *  2 

T 


L  ^i\ 

[  %  2a  J 


(7.27) 


(7.2S) 


[H 


(7.29) 


For  a  perfectly  circular  orbit,  Arf$/*  is  a 
constant,  *3p/2a c^.  If  the  orbit  becomes  slightly 
elliptical  (e.g., «  a  0.01),  then  r  varies  in  acyclic 
manner  so  that  Afs  has  both  a  constant  and  a 
periodic  component  In  the  orbit  determination 
process  the  clock  periods  are  integrated  to 
provide  time  measures.  This  integration  will 
cause  constant  terms  to  grow  indefinitely 
whereas  periodic  terms  with  zero  mean  will 
remain  bounded  in  the  integral.  If  the  biases  are 
known  separately  they  can  be  added  directly  to 
the  clock  rate  as  an  additional  component  of  the 
fixed  rate  offset  leaving  only  a  zero-mean 
time-varying  term.  It  is  thus  useful  to  split 
Equation  7.24  into  a  bias  and  a  zero  mean 
periodic  term.  We  have  shown  that  for  small 
eccentricity  the  bras  h  given  by  -3m/23c2. 
Subtracting  this  from  Equation  7.29  and  simpli¬ 
fying  yields  the  zero  mean  term.  Recombining 
the  two  yields: 


rJp_  +2pp!  f| 

W2  t-2La’rJ 


(7.30) 


Bias  Zero  Mean 
Term  Pyt  iodic  Term 

F rom  orbit  mechanics  we  have: 


1  +  i  eos  & 

where  0  is  the  true  anomaly  of  the  satellite 
position.  Substituting  this  into  Equation  7.30 
yields: 


'J3  a  j 


“  [l  -  —  17.311 

;2  L  >-<2  j 


2ac2  ac 


E  xpanding  xm  f faction  in  the  brackets  by 
the  binominal  theorem  end  dropping  all  terms 
beyond  the  linear  term  e  yields. 


•^spPP! 


f 


♦ 


— z  c  cos  Q 
acz 


(7.32) 


Bias  Zero  Mean 
Term  Periodic  Term 


The  first  term  neglected  in  the  above  lineariza¬ 
tion  would  have  subtracted  2ite^lz(?  from  the 
bias  term.  For  e  *  0.01,  this  has  a  magnitude  of 
the  order  of  4  x  10'^  and  is  thus  negligible 
compared  with  the  other  drifts  of  the  clock 
itself;  and,  being  a  constant,  is  absorbed  by  the 
solved-for  clock  models  in  any  case. 

To  a  first  approximation  with  a  small  e, 
0  *  (2i?/T)  (t-tp)  where  T  is  the  orbital  period 
(in  "conds)  and  tp  is  the  time  of  perigee.  Thus 
Ecji*,:  :ion  32  becomes 


This  can  be  directly  added  to  Arn,  and  inte¬ 
grated  by  the  action  of  the  0  clock  matrix  (as 
in  Equation  24),  or  the  bias  term  only  might 
be  added  to  Arn  and  the  second  term  could  be 
integrated  analytically  with  respect  to  time 
with  the  integral  then  added  to  Arn. 

For  a  12-hour  GPS  orbit  the  coefficients 
of  Equation  33  may  be  evaluated  yielding: 


- 2.495  X  1CH°  + 3.327 
r  (7.34) 

X  1CTl0e  cos  (1.454  X  t0"4(t«tp)] 

For  off-nominal  periods  the  coefficients  will 
change  slightly.  For  e  -  0.01  the  integral  of  the 
periodic  term  introduces  a  peak  variation  of 
?23  feet  in  the  pseudo  range 

In  addition  to  the  above,  the  satellite 
cfoeks  are.  tn  principle,  also  affected 
relativistically  by  the  various  harmonics  of  th£ 
earth's  gravitational  field  and  by  variations  in 
the  gravitational  fields  of  the  sun  ai>d  moon  as 
the  satellite  proceeds  in  its  orbit.  All  these 
effects  have  been  analyzed,  and  found  to  be 


negligible  in  the  GPS  system  as  compared  with 
the  basic  clock  physical  uncertainties. 

Monitor  Oocks  -  The  term  Afrm  for  the 
monitor  clocks  can  now  be  evaluated  for  the 
same  reference  points.  These  clocks  are  subject 
to  the  gravitational  potential  at  the  surface  of 
the  earth  and  the  inertial  velocity  of  their 
location  on  the  surface  with  respect  to  earth 
center. 

The  relativistic  shift  of  a  monitor  station 
clock  depends  on  four  non-negligible  effects: 
(1)  the  central  force  gravity  field.  (2)  the 
distance  from  earth  center  !a  function  of 
latitude  on  the  oblate  earth  and  altitude  of  the 
station  above  the  geoid),  (3)  the  second  zonal 
harmonic  of  the  earth's  gravitational  field  (a 
function  of  latitude),  and  (4)  the  velocity  of 
the  monitor  station  with  respect  to  earth 
center  {a  function  of  latitude). 

It  can  be  shown  that  the  fourth  effect  can 
be  treated  either  as  a  special  relativistic  correc¬ 
tion  or  as  an  additional  potential  in  the  genera! 
relativity  due  to  the  centrifugal  acceleration 
with  equivalent  results.  The  latter  viewpoint  is 
particularly  useful  because  all  four  terms  then 
become  potential  terms  and  the  summation  of 
all  the  terms  is  the  total  potential  of  the  point 
at  which  the  monitor  is  located.  The  gravita¬ 
tional  force  on  a  body  is  given  by  the  gradient 
of  the  gravitational  potential  multiplied  by  the 
mass  of  the  body.  Since  the  gravitational  force 
is  everywhere  perpendicular  to  the  geoid,  the 
geoid  must  be  an  equipotemial  surface.  Thus 
all  docks  on  the  geoid  will  3ll  run  at  the  same 
speed,  independent  of  latitude.  It  is  still  neces¬ 
sary  to  determine  what  relativistie  irequency 
offset  applies  for  docks  on  the  geoid  and  how 
this  offset  changes  with  the  altitude  of  the 
dock  above  the  geoid.  The  geoidai  offset  ean 
he  conveniently  obtained  by  evaluating  the 
four  listed  components  at  either  the  equator  or 
the  pole.  When  this  is  done  the  value  -  6.969  x 
10’ 10  is  obtained  at  both  the  pole  and  the 
equator  (thus  verifying  the  contention  that  the 
result  is  independent  of  latitude). 
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To  a  first  approximation  the  effect  of 
altitude  can  be  obtained  by  observing  that  the 
predominant  effect  of  altitude  is  the  central 
force  potential;  if  Re  is  the  earth  radius  to  the 
geoid  and  h  is  the  altitude  above  the  geoid  we 
have: 


V*rm 


At 


rm 


At, 


nn 


|  geoid 


p _ u  3  pH 

c2Re  c2(Rs+h)  c2Re  (Re+h) 


(7.35) 


Neglecting  the  h  in  the  denominator  yields: 


^h^*rm 


(7.36) 


When  this  is  combined  with  the  constant  term 
for  the  geoid  the  final  result  is: 

Arrm  «  (-6.969  X  10' 10 

+  1.10X  10*'3hl  r  (7.37) 


where  h  is  attitude  above  the  geoid  in 
kilometers. 

Combined  Relativistic  Effect  -  The  pertinent 
relativistic  shift  is  the  difference  between  the 
satellite  clocks  and  the  ground  observers.  Since 
the  monitor  stations  are  not  necessarily  all  at 
the  same  altitude,  some  reference  level  must  be 
chosen.  Since  at  least  several  of  the  monitors 
will  be  close  to  sea  level,  let  us  use  the  sea 
level  geoid  as  the  reference.  Then  combining 
Equations  7.33.  7.37.  and  7.23  one  obtains  for 
the  relative  satellite  clock  shift  with  respect  to 
the  geoidal  clock: 


♦  6.96SX10’10  (7.38) 


whereas  for  each  monitor  station  the  relative 
frequency  offset  is  simply: 


A* 


rmg 


-  1.10  X  10"13h 
(km  above  sea  level) 


For  a  nominal  orbit  Equation  7.39  becomes: 


At. 


■  4.474  X  10" 10 
r  - , - ' 

Bias  Term 


(7.40) 


+  3.327  X  1 0" 1 0  e  cos  ( 1 .454  X  1 O^lt-t  ) ) 

...  . . ■SiibiiwJ 

2ero  Mean  Periodic  Term 


User  Relativistic  Clock  Shifts  —  The  relativistic 
effects  on  a  user  are  minima!.  If  he  has  a 
four-channel  receiver  so  that  all  four  pseudo 
ranges  are  measured  simultaneously,  his  clock 
does  not  enter  into  his  solution  except  very 
grossly  and  relativity  is  no  factor.  A  stationary 
user  with  a  sequential  receiver  uses  his  clock  to 
tie  the  various  measurements  together.  His  rela¬ 
tivistic  clock  shifts  are  just  like  those  of  a 
monitor  station.  With  respect  to  the  sea-level 
reference,  his  clock  offset  depends  only  on  his 
altitude. 

A  user  moving  at  high  speed  with  a 
sequential  receiver  may  need  to  adjust  his 
clock  rate  for  the  relativistic  shift  due  to  his 
velocity  with  respect  to  the  earth's  surface.  A 
user  fixed  on  the  geoid  is  moving  at  a  vector 
velocity  Ve  with  respect  to  earth  center  is 
function  of  latitudei.  His  clock  is  running  at 
the  reference  rate.  If  he  now  moves  with  a 
vector  velocity  Vu  with  respect  to  his  subpoint 
on  the  geoid.  his  velocity  with  respect  to  earth 
center  is  \?e*Vu.  The  relative  clock  rate  offset 
Arrm/f  for  a  referenced  clock  on  the  geoid 
contains  a  term  Ve2/2e2  due  to  motion  with 
respect  to  earth  center.  For  the  moving  user, 
this  term  must  be  replaced  with  iVe+Vutfc/2e2. 
Without  the  user’s  clock  would  be  running 
at  the  reference  rate.  Therefore,  with  the 
motion  Vy  his  relative  clock  rate  offset  from 
die  reference  would  become: 
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lg.*gu'2  ve2 
2c2  2c2 


(7.41) 


Combining  this  with  the  altitude  effect 
yields  the  total  relativistic  user  clock  r3te  shift 


|V.-?„I2-V.2 


I.IOXKr'V  “  'u'  ~’e 


2c^ 


(7.42) 


where  h  is  in  kilometers  and  Ve  depends  on 
latitude.  In  most  cases,  this  offser  will  ba  small 
enough  to  ignore.  Ve  can  be  conveniently 
computed  as: 


Ve  =  ^  ^eu 

where  is  the  earth's  rotation  rate  vector, 
Reu  is  the  location  on  the  geoid  of  the  user's 
subpoint,  and  X  is  a  vector  cross  product. 

Computational  and  Data  Word  Requirements 
for  Clock  Relativistic  Effects  —  The  computa¬ 
tional  requirements  and  data  transmittal 
requirements  for  clock  corrections  are  dis¬ 
cussed  in  detail  in  Appendix  B. 

7.3  SOLAR  RADIATION  PRESSURE 
MODELS 

Solar  radiation  forces  on  the  satellite  are 
important  forces  to  consider  and  to  model. 
However,  if  they  are  handled  correctly,  they 
should  not  create  an  intolerable  problem.  A 
mean  force  projected  from  the  sun  through  the 
satellite  should  be  easy  to  determine  to  the 
accuracy  necessary  to  achieve  Phase  l  goals. 
Phase  HI  goals  may  be  a  little  harder  to 
achieve,  unless  more  detailed  force  models  are 
used.  Modeling  the  perturbations  about  this 
mein  force  also  becomes  more  complex  as  the 
goats  become  more  stringent.  Again,  for 
Phase  I,  this  modeling  need  not  be  complex. 
Collecting  data  during  the  NTS  tracking  and 
Phase  f  tracking  will  provide  for  a  means  for 
more  detailed  analysis  during  Phase  111. 

7.3.1  SOLAR  RADIATION  PRESSURE 
MODEL  COMPLEXITY  -  General  Dynamics 
Corwaif  Aerospace  Division  performed  studies 


on  their  proposed  satellite  on  solar  radiation 
pressure  effects.  They  did  so  with  a  952 
element  flat-plate  model,  where  for  each 
discrete  surface  element  (i),  the  force  vector  is 
defined  as 

p.  *  -VAj  ((1  -  7j)  S  +  2>j  (S  •  fy)  Nj] 
max  [S  ’  Rj,  0]  (7.43) 

where 

Pj  =  solar  radiation  force  on  the 
element  acting  at  its  centroid 

Aj  =  element’s  area 

S  a  unit  element-to-sun  vector 

A 

Nj  3  element's  outward  unit  normal  vector 

V  Q  solar  radiation  constant  (*»  0.98  x 
1 0~  ^  psf )  near  earth 

7j  -  estimated  surface  reflectivity,  7j 

(0,1) 

This  model  provided  for  all  forces  greater 
than  0.01/a  lb,  which  is  equivalent  to  about  a 
1.5-foct  orbital  drift  per  day,  if  it  is  always  in 
the  sam-i  direction.  The  computation  of  the 
total  force  F  is  the  sum  over  all  952  surfaces 
at  each  orbit  position.  These  forces  were  put 
out  in  space  vehicle  (body)  coordinates.  A 
typical  force  variation  in  these  coordinates  is 
shown  in  Figure  7-4.  Here,  the  solar  panels  are 
not  aligned  exactly  to  the  sun.  resulting  in 
more  than  just  residual  normal  force.  This 
force  does,  however,  give  a  due  to  how  one 
might  simplify  the  model  of  Equation  7.43  by 
fitting  the  force  variations  to  a  simpler  satellite 
structure  such  as  a  box  or  hexagonal  shape.  It 
is  possible,  however,  that  the  detailed  forces 
could  be  stored  as  a  function  of  satellite,  sun. 
and  earth  relative  positions,  and  table  lookups 
be  used  to  determine  their  effect. 

7.3.2  THE  BOX  CONCEPT  -  NWL.  in 
observing  NTS  sola?  pressure  forees,  noted  that 
ueatu.g  the  satellite  as  a  sphere  in  their 
CELEST  program  was  insufficient  for  long¬ 
term  predictions  of  the  satellite  ephemerts. 
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Figure  7-4.  Typical  solar  radiation  pressure  - 
body  axes. 

They  found,  however,  that  a  simple  box  model 
of  the  satellite  gave  them  considerable  improve¬ 
ment  in  the  predictions.  This  concept  appears 
to  have  merit  here;  however,  it  may  not  be 
necessary  for  Phase  I  type  goals  (discussed 
later). 

Let  us  observe  what  a  box  mode!  (plus 
solar  panels)  might  do  to  the  normal  force  of 
Figure  7-4.  This  normal  force  would  be  the  ?. 
component  of  the  forces  indicated  on  the  box 
in  Figure  7-5.  The  equations  for  the  total  force 
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and  the  force  in  the  normal  body  direction  are 
giver;  in  the  figure. 

The  only  reflective  force  in  that  direction 
is  F|\|<>.  The  reflective  forces  due  to  the  solar 
panels  and  the  side  3  (top)  are  constant  with 
the  box  rotation.  Only  the  absorbing  forces  on 
sides  1  and  2  vary  with  box  rotation.  Let  their 
incident  angles  be  0^  and  0 2  in  the  X-Y  plane. 


But: 

02  -  90°  -  0  j 

(7.44) 

and 

COS  ©2  ■  5'n  01 

(7.45) 

Assuming  that  the  opposite  sides  are  of  equal 
area  and  equal  reflectivity: 


(%  +  f§2)  *'V 

=  V  [A,  (1-y,)  Icost^l  (7-46) 

+  A2  n-^2* lsin  cos^ 

for  -18O<0t<18O 

{%  *  %)% 

=  V  [A.  (I-71)  icos  0ti 

1  1  1  (7.47) 

+  A2  (1->2)  lsin  efjl]  sin  p 
*  F12 

for  a  constant  angle.  Therefore,  the  total 
normal  foree  is: 


fz  *  (Fi$p  *pS3)sz 


(7.48) 


The  F^  ,s  3  constant  foree  plus  a  periodic 
function  of  the  incidence  angle  in  the  x-y 
plane.  If  we  fit  Equation  7.48  to  the  normal 
force  in  Figure  7-4  with  »  1.  and  vvtth 

»1  *  y-  25- 


figure  *  $  Forces  ok  a  bo:c  plus  sola*  pen  ids 
due  to  solar  radiation. 
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where  t  is  in  minutes  and  1/2  is  in  degrees/ 
minute,  we  have  a  fit  (neglecting  the  eclipse) 
resembling  Figure  7-6,  leaving  a  residual  of  no 
more  than  about  1 0.05/4  lb  in  that  direction 
(i2  x  10'  ®  ft/sec^  acceleration),  which  is  quite 
tolerable.  At  that  level,  over  a  two-hour  period, 
it  would  result  in  about  a  0.6-foot  drift  error. 


Figure  7-6.  Box  model  fit  so  normal  force  of 
Figure  7-4. 

For  the  radial  and  in-track  forces,  the 
periodic  components  using  this  model  could  be 
obtained  by  multiplying  Equation  7.46  by 
either  the  cosine  or  sine  of  Qy  The  reflective 
forces  Ff^j i  and  Fjgj  a?e  3,50  P*r‘°d‘c.  and 
vary  as  a  function  of  the  eosine  squared  of  the 
incidence  angle  when  the  side  is  in  view  of  the 
sun. 

We  shall  leave  the  task  of  verifying  the 
box  concept  as  future  analyses  (see  Section  8). 

7.3.3  THE  TIME  VARY  ING  BIAS  CONCEPT 
-  The  forces  discussed  above  do  get  integrated 
twice  before  they  show  up  as  orbital  drifts  and 
thus  many  of  the  perturbations  get  Integrated 
out  before  they  do  much  harm,  at  least  during 
Phase  I.  It  b  conceivable  that  the  solar  radia¬ 
tion  forces  could  be  treated  as  biases  that  vary 
with  time  of  yea?  inr  as  the  difference  between 
the  satellite**  orbit  inclination  and  the  sun's 
inclination).  Such  a  Enas  would  be  the  slope  of 
the  plot*  of  Figure  7-7.  The  eclipse  should  be 
easy  to  keep  track  of  (if  nothing  else,  through 


Figure  7-7.  Linear  momentum  along  inertial 
axes  due  to  solar  radiation. 

telemetry  of  the  temperature),  so  we  could 
ignore  its  effect  by  just  shutting  off  the  bias 
when  it  occurs. 

Dividing  the  momentums  plotted  in 
Figure  7-7  by  a  mass  of  25  slugs  results  in  a 
velocity  buildup  in  inertial  space  versus  time. 
To  obtain  the  drift  in  feet,  vve  multiply  the 
mean  velocity  at  any  time  by  t/2.  Mismodeling 
this  bias  by  five  percent  produces  an  envelope 
on  any  one  of  the  plots  ihat  would  contain  the 
variations  in  the  velocity  (or  momentum).  Th.s 
would  result  in  a  maximum  drift  error  for  a 
day  along  the  x  or  y  axis  of  about  52  ft.  and 
for  two  hours  of  4.5  ft.  This  is  probably 
tolerable  during  Phase  I.  It  is. not  for  Phase  III. 

7.3.4  SUMMARY  Of  SOLAR  RADIATION 
FORCE  MODELING  ~  It  is  obvious  that  solar 
radiation  foree  modeling  is  one  of  the  fuzzy 
areas  of  ephemeris  determination  modeling. 
Three  concepts  were  discussed  above,  going 
from  great  detail  to  a  very  simple  mode?.  The 
many-flai-plate  element  approach  would 
probably  be  prohibitive  from  the  standpoint  of 
computer  memory  and  time  line  requirements. 
The  tatter  is  questionable  with  respect  to 
legacy  for  Phase  III.  as  well  as  nut  being 
acceptable  for  NWL't  purpose?..  This  leaves  die 
box  concept,  which  appears  quite  feasible,  and 
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would  probably  be  an  extension  of  NWL's 
work  on  NTS.  Additional  studies  of  each 
method  are  planned. 


In  either  case,  the  expected  residual  forces 
should  bo  included  in  the  propagation  noise 
matrix  of  the  Kalman  equations. 
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OUTLINE  OF  FUTURE  ANALYSES 


The  discussions  in  this  trade  study  indicate 
that  not  all  trades  have  been  completed,  and 
some  analytical  questions  still  need  to  be 
answered.  Publication  of  this  trade  study 
report  ooes  not  mean  that  tht/e  is  a  work 
stoppage  in  this  area.  This  section  outlines 
some  of  the  major  future  analysis  tasks  which 
are  necessary  and  are  planned  in  order  to 
reduce  the  engineering  risk  in  the  development 
of  the  Global  Positioning  System. 

8.1  PLANNED  ANALYSES  TASKS 

The  following  is  a  brief  description  of  planned 
analysis  tasks. 

8.1.1  TRADEOFFS  ON  HANDLING  EPOCH 
SOLUTIONS  -  The  object  of  this  task  would 
be  to  answer  tradeoff  questions  with  respect  to 
the  inverse  propagations  of  the  propagation 
noise  matrix  Q  to  epoch;  that  is,  the  effect  of 
ignoring  the  propagation,  or  the  effects  on 
numerical  accuracy  if  it  is  not  ignored,  for 
both  the  NWL  epoch  and  the  daily  epoch. 

8.1.2  FURTHER  MEASUREMENT  SET 
TRADEOFFS  -  The  objective  of  this  task  is 
to  continue  to  evaluate  the  measurement  sets 
scored  in  Section  7  with  respect  to  the 
gradab'e  criteria.  Such  subtasks  would  be  the 
following. 

Evaluation  of  Combining  Separate  Monitor 
Station  Clock  Solutions  -  This  task  is  related 
to  Case  4  of  Table  3-1.  which  has  n  solutions 
of  the  monitor  station  clocks  for  n  satellites. 

Improving  the  Convergence  of  Common 
Monitor  Solution  with  Pseudo  Ranges  and/or 
the  Lung* Term  Accuracy  Using  Pseudo-Range 
Increment*  -  This  task  is  related  to  Cases  S 
and  3.  The  convergence  of  Case  5  ean  be 
improved  three  ways: 


1.  Adapting  the  propagation  noise  as  a 
function  of  measurement  discrepancies 

2.  Combining  the  psuedo  range  measure¬ 
ments  with  either  pseudo  range  rate  or  pseudo 
range  increment  measurements 

3.  Using  "book  shelf"  correlations. 

The  second  way  could  be  reversed  for  Case  8 
to  improve  its  long-term  accuracy. 

8.1.3  INVESTIGATION  OF  STATION¬ 
KEEPING  OUTGASSING  COMPENSATION 
METHODS  AND  EFFECTS  -  This  task  is 
designed  to  define  methods  of  interfacing  with 
the  Satellite  Control  Facility  and  NWL  during 
station  keeping  operations,  and  to  investigate 
the  effects  of  misalignments  and  misrepresenta¬ 
tion  of  the  operations  in  the  estimation 
models. 

8.1.4  CLOCK  MODEL  STUDIES  -  This  task 
is  meant  to  verify  the  legitimacy  and  legacy  of 
the  proposed  clock  models  by  simulating,  as 
close  to  the  real  world  as  possible,  flicker 
frequency  models  operating  with  Katman  gains 
derived  with  the  random  walk  models. 

8.1.5  SOLAR  PRESSURE  MODEL 
DEVELOPMENT  -  Bv  representing  the  real 
world  with  the  sophisticated  multiple  flat-plcte 
element  solar  pressure  models,  develop  formid¬ 
able  less  complex  solar  pressure  models  that 
would  be  reasonable  and  adequate  for  the  GPS 
algorithms  and  NWL’s  algorithms. 

8.1.6  CLOCK  RELATIVISTIC  EFFECTS 
REPRESENTATION  -  Perform  trade  studies 
to  determine  the  best  approach  m  representing 
the  satellite  clock  relativistic  effects  to  the 
user,  based  on  orbital  parameters  presented  to 
him.  or  included  m  clock  update  parameters 
presented  to  him. 


8-1 


8.1.7  ATMOSPHERIC  DELAY  BIAS  determine  the  necessity  of  including  these 

MODELING  -  Atmospheric  delays  can  be  pre-  delays,  as  random  biases  or  highly  correlated 

dieted  to  some  extent.  However,  there  are  random  processes,  in  the  Kalman  estimator 

unknown  random  delays  that  must  be  equations,  or  the  effects  of  not  including  them, 

accounted  for.  The  purpose  of  this  task  is  to 
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APPROXIMATING  CLOCK  DRIFTS 


CPS  CLOCK  MODELS 

The  most  significant  error  source  in  GPS 
navigation  solutions  is  presently  the  drift  in  the 
anticipated  satellite  clocks,  at  least  until  the 
more  precise  time  standards  are  worthy  of 
being  launched  into  orbit.  For  the  time  being, 
however,  it  is  important  that  we  predict  as  best 
we  can  the  ever-present  GPS  ciock  drifts. 

During  the  time  that  the  satellites  are  i.< 
view  of  the  monitor  stations,  and  pseudo  range 
measurements  are  in  use,  the  impact  of  the 
clock  models  is  not  quite  so  significant,  since 
the  ephemeris  solutions  and  clock  drift  esti¬ 
mates  are  being  updated  often,  and  at 
relatively  short  time  intervals.  It  is  with  the 
longer  time  predictions  that  good  models  are 
important. 

The  statistical  drift  characteristics  of  such 
clocks  as  those  to  be  implemented  in  the  GPS 
are  fairly  well-known  for  the  time  spans  of 
interest,  at  feast  in  their  form,  if  not  the 
magnitude.  The  problem  arises  from  the  fact 
that  these  characteristics  cannot  be  described 
in  a  straightforward  way  for  the  Kalman  pre¬ 
diction  and  estimation  algorithm;  that  is.  ne: 
as  white  noise  passed  through  a  linear  filter. 
The  phenomenon  that  is  difficult  to  describe  is 
flicker  frequency  noise,  which  has  a  Vui 
spectrum.  We  can  however  approximate  this 
characteristic  for  the  SV  docks  closely  up  to 
about  t(P  seconds,  something  over  a  day.  with 
a  reasonably  low-order  linear  process. 

The  spectrum  {including  the 

short-term  white  noise  frequency  variations-  is 
approximated  by  passing  the  white  noise 
through  cascade  filters  of  the  form 

a 

|  *|  is  *  3,1/1$  *  bjk 

t- 1 


This  produces  a  spectrum 

n 

f  lw2  +  3j2)/w2  +  bj2), 

ia1 

and  approximates  (1+b/w)  over  a  range  of 
frequencies.^  Representative  approximations 
were  converted  to  time  domain  statistics  of  the 
satellite  clock  phase  driftsJ2^  They  are 
presented  for  comparison  purposes  in 
Figures  A- 1  through  A-4  on  which  the  corres¬ 
ponding  filters  and  spectral  equations  are  given. 
In  the  figures,  the  standard  deviation  (RMS)  of 
the  approximate  clock  phase  drift  is  compared 
to  the  expected  standard  deviation  Irrns)  of  a 
true  elock  phase  drift  with  the  flicker 
frequency  noise  spectrum. 

The  first  figure  represents  a  comparison  to 
a  random  walk  frequency  drift  ((1+a/cj2)  spec¬ 
trum]  which  was  used  in  previous  analyses. 
This  drift  was  designed  to  match  the  real-world 
drift  for  about  two  hours  (to  cover  the  test 
site]  and  then  be  pessin  stic  from  then  on.  The 
thought  was  that  as  tone  as  tN}  model  is 
pessimistic,  the  approach  is  conservative.  This 
may  be  true  during  the  estimation  process 
(when  the  satellites  are  in  view),  but  during  the 
prediction  process,  being  pessimistic  is  no 
better,  or  no  worse,  than  being  optimistic.  In 
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Figure  A-l.  random  walk  approximation. 

either  case,  the  prediction  is  in  error  The 
GPS  error  budget  gives  no  preference  to  the 
sign  of  the  error. 

The  next  three  figures  (A-2  through  A-4) 
illustrate  how  the  phase  drift  caused  by  the 
flicker  frequency  noise  can  be  approximated 
with  1st,  2nd,  and  3rd  order  cascaded  filter 
models  of  the  clock  frequency  offset.  All  the 
filters  do  a  satisfactory  job  out  to  one  dey, 
with  some  improvement  varying  with  order. 
The  higher-order  filters  naturally  approximate 
better  for  a  longer  period  of  time.  Po?  Phase  I 
purposes,  however,  there  are  diminishing 
returns.  The  first-order  approximation  would 
probably  suffice;  however,  it  would  not  yield 
<*n  estimate  of  the  second  derivative  of  the 
etock  phase  drift,  except  by  the  laws  of  the 
model.  The  second  order  approximation  would 
yield  that  estimate.  Allowing  for  an  estimate  of 
the  second  derivative  would  definitely  reduce 
risk  in  case  <t  were  needed,  and  would  define  a 
coefficient  for  second  order  polynomial  predic¬ 
tions.  If  it  wasn't  needed,  its  estimate  would 
be  near  ?er o.  One  additional  state  per  satellite 
has  negligible  impact  on  computational  time 
tmes  and  computer  memory. 
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Figure  A- 2.  First-order  cascade  filter  model  3. 


figure  A- J.  Second-order  cascade  filter  model  l. 
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Figure  A -A.  Tktrdorder  cascade  fitter  model  3. 


CLSIUM  BEAM  STANDARDS  AND  MS 
CLOCKS 

The  third  order  approximation  did  carry  the 
accuracy  out  to  about  2  3  days,  suggesting  that 
ir  might  be  useful  with  Phase  HI  goals.  Mow- 
gvpt  it  is  believed  that  better  clocks  would  be 
fiyabfe  by  then.  Cesium  beam  clocks  such  as 
those  proposed  for  the  monitor  stations  could 
be  modeled  with  the  2nd  order  approximation 
u-  within  2  nanoseconds  fms  phase  drift  error 
out  to  about  5  days,  mainly  because  of  their 


increased  long-term  stability.  Even  with  a 
constant  frequency  offset  spectral  model  as  an 
approximation,  only  about  3.7  nanoseconds 
rms  phase  drift  error  is  expected  in  a  day.  In 
this  light,  a  constant  frequency  offset  model  •» 
proposed  for  the  monitor  station  clocks,  sines 
their  prediction  errors  over  that  time  are  never 
passed  on  to  the  user.  For  Phase  I,  any  longer 
time  span  would  result  in  S V  clock  drifts  that 
overshadow  MS  deck  drifts.  In  Phase  III,  first- 
order  models  may  be  in  order. 


SV  CLOCK  CORRECTION  UPLOAD  AND  DOWNLINK  FORMAT  AND 
CS  AND  US  SEGMENT  COMPUTATIONAL  REQUIREMENTS 


INTRODUCTION 

An  SV  clock  correction  procedure  was  defined 
and  computations  were  split  up  and  allocated 
to  the  CS  and  US  segments  in  a  way  minimiz¬ 
ing  downlink  time  snd  user  computation .  The 
computations  involve  predicting  the  SV  clock 
drift,  propagating  the  prediction  epoch,  and 
computing  general  re'ativistic  corrections.  The 
SV  manufacturer  must  offset  SV  dock  fre¬ 
quency  for  secular  relativistic  drift. 

THE  DRIFT  PREDICTION  MODEL 

The  drift  prediction  model  is  a  second-order 

Taylor  s  Series  expansion  of  the  form 


Atj{t)  -  AtQj  ♦  f  i  )  **  “ 

\  /  j  * 
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RELATIVISTIC  EFFECTS 

The  SV  clock  drift  due  to  general  relativity 

since  co  epoch  time  t0j  is; 

Atm(t)  3  6.989  X  10"10U-toi) 

+  7.287  X  1(T3  (t  -  toi)/a 

,  nr  2) 

-2.9143  X  lO-2^ 
k 

lE(t-tp)-E(tortp)J 

where  a  is  the  SV  orbit  semi-major  axis,  k 
is  the  earth's  gravitational  constant  (1.187  x 
1q8  ft3^2/sec),  E  is  the  orbit's  eccentric-anomaly 
and  tp  is  the  time  of  perigee.  This  drift 
could  be  computed  in  the  user  software  for 
the  parameters  are  already  oresent  for  SV 
position  computations. 


where  the  subscript  i  represents  the  page 
stored  in  the  SV,  tQ;  is  the  epoch  time  of  the 
Ith  page,  Atj(t)  is  the  predicted  SV  etcck  drift 
with  respect  to  system  time  t,  A toi  is  the 
predicted  SV  drift  at  the  epoch  time  toi, 
(Af/f);  is  the  predicted  frequency  offset  at  the 
epoch  time  toj,  and  Qj  is  the  predicted  rate  of 
change  of  frequency  offset  at  that  time.  The 
downlink  contains  2  bytes  for  Atoi  for  9  range 
of  1  nanosecond  to  ’0  ^seconds,  1  byte  for 
(Afrf),  for  a  range  of  10’  ^3  to  10’  *  1  seconds/ 
se$e«d.  and  1  byte  for  D,;  for  a  range  of  10’ 
to  10' 14  seconds/ second2.  Each  page  is  good 
fo-  one  hour  of  system  rime.  These  quantities 
are  computed  from  the  control  segment  dock 
predictions  tor  the  system  time  t-ior  The  user 
receives  that  epoch  time  tQj  in  the  HOW  word 
for  that  SV  page.  An  age  of  data  word  is  also 
sent  in  the  dock  Data  Slock,  which 
cot  responds  to  the  last  upload. 


A  problem  we  encounter,  however,  is  that 
the  secular  clock  drift  is  so  substantial  (about 
40  ju$ec/day)  that  the  SV  clock  time  would 
not  be  within  the  specified  lOpsec  of  the 
system  time,  unless  its  time  is  mechanically 
updated  4  times  a  day.  The  SV  clock  ean, 
however,  be  calibrated  with  a  frequency  offset 
Af/fe  to  cancel  out  this  secular  drift.  It  would 
be  necessary  to  require  the  SV  contractor  to 
do  rhis.*  For  a  nominal  circular  orbit,  this 
would  be 

~  «  -4.4S4X  10'10  tS-31 

x 

making  the  SV  clock  run  slower  than  the 
system  eloeks  to  make  up  for  live  fact  that  it 
runs  faster  due  to  relativity. 
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Thus,  instead  of  working  with  Equa¬ 
tion  8-2,  we  must  work  with  perturbations 
about  the  offset  of  Equation  B-3.  To  do  this, 
we  must  expand  the  eccentric  anomaly  about 
the  mean  anomaly: 

M(tJ  - -~|t-tp)  (B-4) 

a 

That  is: 

E  It  -  tp)  •  Mlt)  ♦  A  E  It  -  tp)  IB-5) 

*  M(t)  +  e  sin  E  |t  -  tp)  (B-6) 

where  e  is  the  eccentricity.  Likewise 
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Coi-tpH 

The  bracketed  quantity  of  the  first  term  of 
9-10  is  taken  care  of  with  the  calibration 
frequency  offset  in  Equation  B-3.  The  second 
term  of  Equation  B- 10  is  a  smaller  secular  drift 
due  to  semi-major  axis  difference  from 
nominal.  The  third  term  has  a  time  drift  at  the 
epoch  time  t0j  plus  a  periodic  component.  We 
can  now  expand  that  third  term  with: 

v/S*\^4<aor1/2Aa  <B*11) 


E  (tpj-tp)  »  M(toi)  +  A6{tortp)  (8-7) 
The  last  term  of  Equation  B-2  is  then 


as 


term  =  -2.91*8  x  i(r2-~A  E  tt  -  tp) 
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The  first  term  of  B-8  then  combines  with  the 
second  term  of  9-2.  We  then  expand  1/a  to  a 
good  accuracy  for  e  <  0-01  as: 

I  .  1 .  '  4  a  ta-9) 

3  “o 

where  a„  is  the  nominal  semi -major  axis  18.7  x 
IQ7  ft.),  and  Aa  is  the  deviation  from  the 
nominal.  Combining  all  of  this.  Equation  Q-2  is 
rewritten  as 

A  tifi ft)  *  je.SSS  X  10'10  *  7.287  X 
tcr3/aa  -  2.3148  X  10’2/»J 

(t-tpj)-  [?.2S7  X  10'3/ao2 

-  2.9143  x  10‘2/a  2 1  Aa 
y  j 

ft  -  tdi)  -  2.914S  X  10'2 


Combining  Equation  B-12  with  Equation  8-10, 
we  have: 

Mr*)  *  Atmlt)^(t-t0i) 

c 

•  2.895  X  10‘18  Aalt-  tpj) 

-  2.23  X  IQ'8  A  E  (t-tp) 

-  1.315  x  KTUAa  Ae 

It  -  tp)  *  2  455  X  10-l0v/? 

AS  -  tp)  (3-13) 

The  first  term  of  Equation  8-13  is  a  secular 
drift  due  to  off-nominal  semi-major  axis.  The 
<£tft  rate  corresponding  to  it  is  on  the  order  of 
10"  *2  for  Aa  of  ID8,  thus  it  is  in  the  ballpark 
of  the  clocks  mechanical  drift  rate  and  can  be 
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included  in  the  corresponding  term  of 
Equation  B- 1 . 

The  next  term  is  a  periodic  term  corre¬ 
sponding  to  i2290e  nanoseconds  drift.  It 
cannot  be  included  in  Equation  B-1  because  of 
the  periodicity.  Its  higher  derivatives  are  signifi¬ 
cant.  Thus,  it  would  have  to  be  computed  by 
the  user  in  one  of  two  ways.  If  the  user 
computes  the  deviation  from  the  mean 
anomaly  to  get  the  eccentric  anomaly,  he 
already  has  it.  Otherwise,  if  he  has  the 
eccentric  anomaly,  AE(t*tp)  is  computed  as: 

AEU-tp)  -  6  (t  -  tp)  -  M(t) 

=  e  sin  IE  (t  -  tp)]  *  IB-14) 

In  computing  the  satellite  position,  he  should 
have  it  one  way  or  another.  The  third  term  of 
Equation  B- 13  is  negligible  (*-10'  ^8)  and  can 
be  dropped. 

The  fourth  term  is  significant  (~10'8ii, 
and  can  be  computed  by  the  control  segment, 
and  included  in  the  drift  term,  of  Equation  8-1. 

CONTROL  SEGMENT  COMPUTATIONS  FOR 
UPLOAD 

As  stated  above,  the  control  segment  can 
relieve  the  user  from  most  of  the  relativity 
effects  computations  by  including  some  of  it  in 
the  drift  model  of  Equation  8-1,  leaving  only 
the  periodic  portion  to  him.  There  are  some 
additional  computations  for  the  control 
segment,  however,  to  account  for  changes  in 
SV  clock  epoch  times. 

As  far  as  the  user  is  concerned,  his  com¬ 
putations  are  based  on  the  epoch  time  of  the 
present  satellite's  page.  The  control  segment 
has  the  responsibility  of  taking  ca/e  of  alt 
previous  drift  in  the  term  of  Equa¬ 
tion  6  1.  This  includes  relativity  drift  up  to 
that  time.  Using  Equation  Q-13  to  compute  the 
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drift  between  tl.a  time  tQ  (time  of  last  used  SV 
measurement)  and  t0j 

aT(R  (toi)  »  2.895  X  1(T18Aa 
c$ 

(toi  -  t0)  *  2.29  X  1(T6 
AE  (toj  -  tp)  -  1.315  X 
lO-^^aAE^j-tp) 

+  2.455  X  KT^y/aAE 
(t0  -  tp)  +  2.455  X  10‘10 
y/a  AE  (tQj  -  tp)  •  (B-15) 

including  the  control  segments  portion  of 
Equation  B-1 3.  The  second,  third  and  fifth 
terms  cancel,  leaving: 

AtjR  (toi)  -  2.895  X  10~18  Aa 
cs 

(t0i-t0)  + 2.455  X  10*10 
v/a  AE  (t0  *  tp)  (B- 16) 

which  is  the  secular  drift  for  off-nominal  semi¬ 
major  axis  since  the  last  SV  dock  estimation, 
and  the  periodic  drift  between  that  time  and 
the  time  of  perigee  loaded  for  the  epoch  t0;. 

Also,  as  stated  before,  a  drift  rate  contri¬ 
bution  must  be  included.  That  is: 

=  2.895  X  10’18  Aa  (B-1?) 

due  to  off-nominal  semi-major  axis. 

The  model  terms  for  Equation  6>1  are 

then: 

A  «  A  iQim  *  2.895  X  Ur 18  Aa 
(ioi  - 10)  *  2.455  X  10'10v^a 
AS  l\>  -  V  (8-18) 
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where  the  subscript  m  denotes  mechanical 
drift. 

USER  SEGMENT  COMPUTATION 
When  the  user  receives  the  clock  words  At0l- 
(Af/f)j,  2nd  Dj,  along  with  the  satellite  clock 
time  tj,  he  corrects  the  satellite  clock  time  by 
subtracting  its  drift  as: 

t  -  Its  -  A  t0j)  -  (~  )  j  {ts  "  toi) 

Dj  ^ -  toi}2  *  2.29  X  10"6 
AElts-tp)  (B-21) 

The  fact  that  t$  could  be  off  by  lOpsec  has 
negligible  effect  inside  the  parenthesis  of  Equa¬ 
tion  B’21.  User  clock  drifts  due  to  relativity 
are  negligible  over  the  time  span  that  he  uses  it 
for  a  navigation  fix. 

CONTROL  SEGMENT  COMPUTATIONS  FOR 
PSEUDO  RANGE  MEASUREMENT 
CORRECTIONS 

The  SV  clock  relativity  drift  also  affects  the 
Control  Segment's  pseudo  range  measurements. 
He  must  compute  the  SV  Clock  relativity  drift 
since  the  last  measurement  used  which  was  also 
corrected.  Say  this  time  was  tj_,  The  governing 
equation  is  Equations- 10  with  SV  Af/fc  cali¬ 
bration  removed.  That  is.  the  pseudo  range 
error  is 

cATRj(t-tL)  *  e|  2.805  X  lCTtQAa 
It  -  tL)  -  2.455  X  10'10 
V-aiAE  U-tpi-AE 


ltL  -  tp))  -  3.353  X 

l0^7h|(t-tL)  (8-22) 

which  includes  an  altitude  correction,  where  hj 
is  the  jth  monitor  station's  altitude  above  the 
earth's  geoid  in  feet.  This  added  drift  is 
actually  the  negative  of  the  monitor  station’s 
clock  relativity  drift,  for  all  relativity  drifts  are 
referenced  to  the  earth's  geoid.  The  psuedo 
range  is  then 

Rjjlt)  °  eA  v’jj(t)  -  c  ATRjj  It  -  tL)  (8-23) 

where  Arjj(t)  is  the  clock  phase  difference 
between  the  SV-,  and  monitor  station  j  clocks. 
Mechanical  drifts  are  estimated  in  the 
ephemeris  determination  algorithm. 

SUMMARY 

Clock  drifts  are  uploaded  to  the  satellite  in 
6-byte  data  blocks  (one  byte  for  age  of  data), 
in  a  second-order  polynomial  format.  Assuming 
the  SV  manufacturer  offsets  the  frequency  of 
the  SV  docks  to  cancel  secular  relativity  drift, 
which  he  must  to  preserve  his  time  to  with 
10 nsec  of  system  time,  the  relativistic  effects 
can  be  included  in  those  data  blocks,  with  the 
exception  of  the  periodic  effect  due  to 
eccentric  orbits.  The  user  must  compute  this 
periodic  effect  from  orbital  parameters  already 
available  to  him  from  the  satellite  ephemeris 
data  block.  The  control  segment  computes  the 
rest. 

The  control  segment  must  also  compute 
relativistic  effects  on  its  measurements  from 
the  satellite.  This  drift  is  a  function  of  the 
orbital  parameters  and  the  altitude  of  the 
monitor  station. 
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